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CONFERENCE ON THE MICHELSON-MORLEY 
EXPERIMENT"* 
HELD AT THE MOUNT WILSON OBSERVATORY 
PASADENA, CALIFORNIA 
FEBRUARY 4 AND 5, 1927 


The presence of Professor A. A. Michelson and Professor H. A. 
Lorentz in Pasadena in the early months of 1927 offered an excep- 
tional opportunity for a conference on the theoretical and practical 
aspects of the Michelson-Morley experiment. Since Professor 
Michelson had planned, with the co-operation of the Mount Wilson 
Observatory, to repeat the experiment, such a conference was 
especially desirable. This was arranged largely on the initiative of 
Dr. Charles E. St. John. The experimental side was further pre- 
sented by Dr. Roy S. Kennedy. This was supplemented by a 
mathematical treatment of the light-path by Professor E. R. Hed- 
rick, as developed by himself and Professor L. Ingold, and by an 
account presented by Professor P. S. Epstein of the Trouton-Noble 


experiment, recently repeated at the California Institute of Tech- 
nology by Chase, and of other recent experimental investigations. 


Illuminating discussion followed the presentation of the general re- 
t=) t a) 

ports. The shorthand notes Were taken by Dr. Fritz Zwicky and 

Glenn H. Palmer, of the California Institute. These have been re- 

viewed by the authors. 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash 
ington, No. 373. 
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The addresses by Professors Michelson and Lorentz were fol- 
lowed by a detailed account of the results obtained by Professor 
D. C. Miller, who, fortunately, was also able to be present. 


REPORTS 
I. PROFESSOR A. A. MICHELSON (UNIVERSITY OF CHICAGO) 

In 1880 I conceived for the first time the idea that it should be 
possible to measure optically the velocity w of the earth through the 
solar system. There had been earlier attempts to discover first-order 
effects, based on the idea of a system moving through a stationary 
ether. (First-order effects are proportional to w/c, where c=light- 
velocity.) Talking in terms of the beloved old ether (which is now 
abandoned, though I personally still cling a little to it), one might 
have expected that the aberration of light would be different for a 
telescope filled with air and with water, respectively. The experi- 
ments, however, showed, contrary to the then-established theory of 
light, that no such difference was present. 

Fresnel’s theory was the first to account for this result. Fresnel 
assumed that matter was able to drag along the ether partially 
(entrainment of ether), giving it a velocity w’, so that 

w’=pw. 
He was able to determine p (Fresnel’s coefficient) in terms of the 
refractive index pu: 


This coefficient is easily obtained from the negative result of the fol- 





1 I 2 lowing experiment. Two 
77, 7) , 
CLEA light-beams travel along 


the path (Fig. 1; 0, 1, 2, 
9 ——> w 3 3, 4, 5) in opposite di- 
rections and give rise 





- to a set of interference 
5 pat 4 fringes. J is a tube filled 
FIG. 1 


with water. Now if the 
whole system moves with the velocity w through the ether, a shift of 
fringes would be expected on moving the tube from position J to JJ. 
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No displacement is observed. By assuming a partial entrainment of 
the ether, Fresnel’s coefficient p may readily be determined from this 
experiment. It may also be found in a very simple and direct 
fashion with help of the Lorentz transformation. 

Fresnel’s result was accepted universally by investigators of his 
time, including Maxwell, who pointed out that, while there could be 
no first-order effects, there might, nevertheless, be second-order 
effects (proportional to w?/c?). Now with w~30 km/sec. for the 
motion of the earth, w/c=104, and w*/c?=107*, a quantity too 
small to be measured, according to Maxwell. 

It seemed to me, however, that by making use of light-waves, one 
might devise an adequate arrangement for measuring such second- 





SOURCE 


SOURCE FRINGES 
Fic. 2 FIG. 3 


order effects. Consider an apparatus, including mirrors, moving 
with the velocity w through the ether. Suppose two light-beams to 
travel back and forth in the apparatus, one parallel to w, the other 
at right angles to w. According to the classical theory, the change 
in light-path resulting from w should be different for the two beams 
and produce an appreciable shift of the interference fringes. The 
first device tried for the measurement of second-order effects is indi- 
cated in Figure 2. This arrangement, however, involved very great 
difficulties and was soon abandoned; and fortunately, because it led 
to the construction of the interferometer, which has proved of great 
value in many subsequent experiments. 

The interferometer (Fig. 3) is known to all of you. A set of 
fringes is obtained by superposition of the two beams traveling from 
the source to a glass plate and then to mirrors 1 and 2, respectively, 
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and back. If white light is used, the central fringe will be white and 
the side fringes will be colored. A motion of the apparatus with the 
velocity w through the ether should have much the same effect on 
the light as a stream of water would have on a boat trying to go once 
forth and back across the stream, and once down and then back up 
the stream. The time for getting forth and back a given distance 
will be different for the two cases. This is easily seen, because, how- 
ever swift the current, the boat in its transverse journey could al- 
ways return to the bank from which it started, whereas, in the second 
case, it might be unable to get back up stream against the current. 

I tried the experiment at Berlin in Helmholtz’ laboratory, but 
the vibrations of the city traffic made it impossible to get steady 
fringes. The apparatus was transferred to the observatory at Pots- 
dam. I have forgotten the name of the director (I think it was 
Vogel), but I remember with pleasure that he was immediately 
interested in my experiment. Though he had never seen me before, 
he put the whole observatory with its staff at my disposition. I got 
a zero result in Potsdam. The accuracy was not very high, because 
I had a light-path of only about 1 m. Still it is interesting that the 
results were quite good. Coming back to America, I had in Cleve- 
land the good fortune to secure the co-operation of Professor Morley. 
The apparatus then used was the same in principle as that used in 
Berlin, although the light-path was made longer by introducing a 
number of reflections instead of a single one. The path was in fact 
about 1o-11 m long, which should have yielded a displacement of 
half a fringe, due to the orbital motion of the earth. But no dis- 
placement was found. The shift of fringes was certainly less than 
1/20 and may be even 1/40 of that predicted by the theory. The 
result could be accounted for by the assumption that the earth drags 
the ether along nearly at its full speed, so that the relative velocity 
between the ether and the earth at the surface is zero or very small. 
This assumption, however, is a very dubious one because it contra- 
dicts some other important theoretical considerations. Lorentz then 
suggested another explanation (Lorentz contraction) which in its 
final form yielded as a result the famous Lorentz transformation 
equations. These contain the gist of the whole relativity theory. 
The Michelson-Morley experiment was continued by Morley and 
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Miller, who again obtained a negative result. Miller then continued 
alone, and seems now to get some positive effect. This effect, how- 
ever, has nothing to do with the orbital motion of the earth. It 
seems to be due to a velocity of the solar system relative to stellar 
space, which may be much greater than the orbital velocity. 

The observations of Mr. Miller have stimulated new interest in 
the problem. An excellent piece of work has already been done by 
Mr. Kennedy, whose report you will hear. I intend myself to go over 
the experiments again, but several months may pass before I shall 
be able to give my results, which, I hope, will shed more light on the 
subject. 

II. PROFESSOR H. A. LORENTZ (LEIDEN, HOLLAND) 

The motion of the earth through a hypothetical ether (talking in 
historical terms) might have an effect on different phenomena. The 
first relevant phenomenon found experimentally was the aberration 
of light. It was discussed on the basis of the emission theory and 
also on the wave theory in the form Fresnel had given it. From 
Fresnel’s point of view we may argue as follows: We draw our 
diagrams in a system of co-ordinates which is fixed to the earth. 
In this system all ponderable matter is at rest. But the ether may 

nove through it. Say the velocity of the ether is w. If the ether 
does not move, then the velocity of light through matter would be 
u=c/m (u=index of refraction; c= velocity of light). Now let an ele- 
mentary wave be formed around P. This after the time dé will be a 
sphere of radius udt. The center O of this wave will, however, not 
coincide with P, being displaced over a distance kwdt, where 1—k 
is Fresnel’s coefficient 1—1/y?=p. Thus 
k=1/p?. PQ isa ray of light. (We denote 
by v the velocity of the rays of light.) 


We have then from Figure 4, in which 
PQ=vrdt, PO=kwdt, and OO =udt, the re- 


lation 


Q 


PQ:PO:0Q=v:kwiu. P 0 
Thus Fic 
"IG. 
u? = v?-+ k?w?— 2kv cos 3 (1) ‘ 
The derivation of this formula is based on Huyghens’ principle 
and Fresnel’s entrainment. Huyghens’ principle can be used in any 
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case. One has simply to follow the elementary waves and to con- 
struct the successive wave fronts. As to the coefficient of entrain- 
ment, I mention that Fresnel found it at first on a mechanical basis 
from his elastic theory of light. This was a very remarkable per- 
formance at that time. 
If we neglect terms in w? we find 
v=u+kw cos v, 
= _— 4 cosv. 
The course of a ray of light between given points is determined 
by the condition (Fermat’s principle) 


o=s { 


_( (ds kw 
om 8 | | | om y ds | ; (2) 


or 


Suppose now 
-=const., 
u? 


2 


that is, k is inversely proportional to y?. For w=1, there is nec- 
essarily k=1. Thus it follows that 


The second term in (2) becomes then 


I 
fu cos 0 ds. 
Cc? 


Now let the motion of the ether in our diagram be irrotational, so 
that w depends on a velocity potential ¢, 

w=grad ¢. 
Then the integral 


{ w cos # ds 


for a path between two given points P and P’ becomes 
t =) 


P' - 
Op , 
f, ds ds=9p—¢p . 
e P A 
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This has the same value for all paths, and the condition (2) becomes 


. fds 
5 =O, 
u 


as if there were no ether motion. Thus we conclude that the course 


simply 


of the ray is not altered by the motion of the ether. 

The considerations given above also include cases of reflection 
and diffraction. 

Now let there be two paths, 1 and 2, for a ray of light from a 
given point P to another given point P’. The time required for light 
going over them is, for the first path, 


ds ds 1 
= ( — wcos dds, 
ne ee P 


and, for the second path, 


‘ds ‘ds I 
= — {weosdds. 
€ -— we 


The last terms in these expressions are equal. Therefore, the differ- 
ence between the two times is not altered by the motion of the ether. 
This motion, then, has no influence on phenomena either of inter- 
ference or of diffraction. 

It may be remarked that the difference between the times just 
considered will be altered by the motion of the ether if this motion 
is not irrotational. The change is given by the difference of the two 
integrals 


. 
{ w cos 0 ds and w cos 0 ds 
JI . 


taken for the two paths between P and P’. For this difference one 
can write the line integral of the velocity w taken over the closed 
circuit formed by the two lines. 

Let us consider, for instance, the earth’s rotation. If the ether is 
stationary, its motion relative to the earth will be a rotation in the 
opposite direction. If now a large horizontal circuit fixed to the 
earth, e.g., a rectangular one, is traveled over in opposite directions 
by two beams of light, the relative motion of the ether will change 
the position of the fringes produced by the interference of these 
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beams. This effect has been observed by Professors Michelson and 
Gale. 

In the following there will be no question of the rotation of the 
earth; the annual aberration only will be considered. For the ex- 
planation of this the foregoing considerations suffice. If, at a point 
at some distance from the earth, the direction of the rays coming 
from a star is given in a system of co-ordinates in which the earth 
is moving, one can deduce from that the direction of the rays in a 
system of co-ordinates fixed to the earth, and the further course of 
these relative rays is determined by the ordinary laws of optics. 

We proceed with the discussion of some special theories. In 
Fresnel’s theory the ether is supposed to be at rest; its motion rela- 
tive to the earth may be considered as a uniform translation, which, 
obviously, is irrotational. It is necessary to introduce the dragging 
coefficient because the ether moves through the ponderable bodies 
(lenses) contained in our instruments of observation. 

Stokes proposed a theory in which the ether was supposed to 
have an irrotational motion, such that at all points of the earth’s 
surface its velocity is equal to that of the earth. By this latter as- 
sumption he could avoid the introduction of Fresnel’s coefficient. 

However, at least when the ether is supposed to be incompres- 
sible, Stokes’s assumptions contradict each other. If a sphere moves 
with a constant velocity in an incompressible medium, the motion 
of the medium is completely determined by the condition that it is 
irrotational and that, in the direction of the normal to the surface, 
a point of the sphere and the adjacent medium have the same 
velocity. In a tangential direction the two velocities will necessarily 
be different. 

So far as aberration is concerned, a modification of Fresnel’s 
theory is certainly admissible. When we admit his value of the 
dragging coefficient, we may assume the existence of any motion of 
the ether, provided that it be irrotational. In fact, this is a neces- 
sary condition. Suppose, for instance, that over a part of the earth’s 
surface which may be considered as plane the ether flows in a hori- 
zontal direction x with a velocity w, increasing with the height y 
above the earth. This motion would not be irrotational and would 
not lead to the observed aberration. Since the existence of a velocity 
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potential requires the equality of the derivatives dw,/dy and dw,/dx, 
the observed aberration can exist only when, in addition to the sup- 
posed motion in a horizontal direction, there is a vertical velocity 
of the ether of sufficient magnitude, varying from one point of the 
surface to the other. 

So far there was question of first-order effects only, i.e., of effects 
that would be proportional to the first power of the ratio between the 
velocity of the earth and the speed of light. In almost all cases in 
which astronomers and physicists have tried to detect an influence 
of the earth’s motion on optical and electromagnetic phenomena, 
only effects of this order of magnitude could have been observed. 
The fact that all these attempts have been fruitless, and that this 
could be accounted for by theoretical considerations of the kind just 
preceding, led by and by to the conviction that the motion of the 
earth can never produce a first-order effect. This conviction was 
greatly strengthened when Einstein developed his theory of rela- 
tivity and simply postulated that the result of all experiments which 
we perform in our laboratories must be independent of the motion 
of the earth, whatever may be the refinement of our measurements 
and the order of the effects which we can reach by them. To the 
experimental evidence which we already had, the charm of a beauti- 
ful and self-consistent theory was then added. 

Historically, I might add that before the relativity theory was 
developed the situation was somewhat similar to that which now 
characterizes the quantum problem. There were, of course, not so 
many people working in the field as there are now. Nevertheless, we 
had often very lively discussions about the subject. I remember 
especially the assembly of the German Society of Natural Sciences 
in Diisseldorf in 1898, at which numerous German physicists were 
present, Planck, W. Wien, Drude, and many others. We discussed 
especially the question of the first-order effects. Some devices with 
which such an effect might be observed were proposed, but none of 
these attempts was ever made, so far as I know. The conviction 
that first-order effects do not exist became by and by too strong. 
We even got, finally, into the habit of looking only at the summary 
of experimental papers which dealt with such effects. In case the 
result was properly negative we felt perfectly satisfied. 
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As to the second-order effect, the situation was much more diffi- 
cult. The experimental results could be accounted for by transform- 
ing the co-ordinates in a certain manner from one system of co- 
ordinates to another. A transformation of the time was also nec- 
essary. So lintroduced the conception of a local time which is differ- 
ent for different systems of reference which are in motion relative to 
each other. But I never thought that this had anything to do with 
the real time. This real time for me was still represented by the old 
classical notion of an absolute time, which is independent of any 
reference to special frames of co-ordinates. There existed for me only 
this one true time. I considered my time transformation only as a 
heuristic working hypothesis. So the theory of relativity is really 
solely Einstein’s work. And there can be no doubt that he would 
have conceived it even if the work of all his predecessors in the 
theory of this field had not been done at all. His work is in this 
respect independent of the previous theories. 

I shall have little to say about the theory of the Michelson- 
Morley experiment, which was the first ever made of those in which 
we are concerned with effects of the second order. That here again 
the result must be negative is immediately clear if we follow the 
theory of relativity. If, instead of that, we apply to the experiment 
our old stationary ether, we must carefully consider the paths of the 
interfering rays of light and the time in which the light is propagated 
along each of them from the source of the point where the inter- 
ference takes place. 

For this purpose we can again use the fundamental equation (1). 
Confining ourselves to the propagation in ether, we may put u=c, 
k=1 so that the equation becomes 


Ce=v+w’?—2vw cos 3 


Taking into account terms of the second order w?/c?, we deduce from 
it 

2: 
- sin? 3) : 


2c° 


w 
v=c( 1+- cos d— 
- 


Oe. Fe 
ah Ee a J+ (cos? J+} sin? #) ( 
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Now let there be two paths, 1 and 2, along which light can go from 
the point P to the point P’ (Fig. 5). For each of them the time re- 
quired for propagation will be represented by expressions of the form 


fe * fas 1 fx cos d ath f w? (cos? 3+} sin? 3) ds, (3) 
v Cc C? “3 


and we shall be able to calculate the two times, if we know the 
lines along which the integrals are to be taken. Let the lines /, and J, 
(Fig. 5) represent the paths of the two rays as they would be if the 
ether did not move through the diagram. 
As has been shown, these lines are not 
altered by the motion so long as we confine 
ourselves to terms of the order w/c. They 
may, however, be somewhat changed 
when, as is now proposed, quantities of 
the second order are taken into account. 
We shall then have, for instance, the dotted 
lines Jf and li whose distances from /, — 
and l,, reckoned along the normals to 

these lines, are of the second order. We must now calculate the 
times of propagation for the paths /; and 1}, say Tl; and Tl). Since, 
however, 7 is a minimum for /,, as compared with neighboring lines, 
and since the displacements from /, to /{ are of the second order, 
the difference between 7/, and 7/1! will be of the fourth order. This 
may be neglected when we confine ourselves to quantities of the 





second order. Similarly, we may replace Jl; by T/,. This means 
that, in the determination of the phase differences, we may use the 
values of (3) for the rays, such as they would be according to the 
ordinary laws of optics in the absence of the earth’s motion. 

We are thus led to the ordinary theory of the experiment, which 
would make us expect a displacement of the fringes, the absence of 
which is accounted for by the well-known contraction hypothesis 
(Lorentz contraction). 

Asked if I consider this contraction as a real one, I should 
answer “‘yes.’’ It is as real as anything that we can observe. 
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III. PROFESSOR DAYTON C. MILLER (CASE SCHOOL 
OF APPLIED SCIENCE) 

The experiments on which I shall report today seem to lead to 
conclusions which are in contradiction to the common interpreta- 
tion of the Michelson-Morley experiment. To make the story com- 
plete, I shall start with the conclusion of the experiments performed 
by Michelson and Morley in 1887, in Cleveland, which were in- 
terpreted as giving no indication of an ether drift. Dr. Lorentz, in 
1895, proposed the first explanation for this unexpected result by 
assuming that the motion of translation of a solid through the ether 
might produce a contraction in the direction of the motion, with 
extension transversely, the amount of which is proportional to the 
square of the ratio of the velocities of translation and of light, and 
which might have a magnitude such as to annul the effect of the 
ether drift in the Michelson-Morley interferometer. The optical 
dimensions of this instrument were determined by the base of sand- 
stone on which the mirrors were supported. If the contraction de- 
pends upon the physical properties of the solid, it was suggested that 
pine timber would suffer greater compression than sandstone, while 
steel might be compressed in a lesser degree. If the compression 
annuls the expected effect in one apparatus, it might in another ap- 
paratus give place to an effect other than zero, perhaps with the 
contrary sign. 

At the International Congress of Physics, held in Paris in 1900, 
Lord Kelvin gave an address in which he considered theories of the 
ether. He remarked that “the only cloud in the clear sky of the 
theory was the null result of the Michelson-Morley experiment.”’ 
Professor Morley and the writer were present, and in conversation 
Lord Kelvin expressed the conviction that the experiment should 
be repeated with a more sensitive apparatus. The writer, in col- 
laboration with Professor Morley, constructed an interferometer 
about four times as sensitive as the one used in the first experiment, 
having a light-path of 214 feet, equal to about 130,000,000 wave- 
lengths. In this instrument a relative velocity of the earth and ether 
equal to the earth’s orbital velocity would be indicated by a dis- 
placement of the interference fringes equal to 1.1 fringes. This is the 
size of the instrument which has been used ever since. The optical 
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parts were all new, and nothing was used from the original apparatus 
excepting the mercury tank and its wooden float. 

Such an instrument with a base made of planks of pine wood was 
used at Cleveland, in 1902, 1903, and 1904, for the purpose of 
directly testing the Lorentz-FitzGerald effect, but the changes in the 
wooden frame due to the variations in humidity and temperature 
made it difficult to obtain accurate observations. A new supporting 
frame was designed by Professor F. H. Neff, of the department of 
civil engineering of the Case School of Applied Science, the purpose 
being to secure both symmetry and rigidity. This frame, or base, 
was made of structural steel and was so arranged that the optical 
dimensions could be made to depend upon distance-pieces of wood, 
or upon the steel frame itself. Observations were made with this ap- 
paratus in 1904. The procedure was based upon the effect to be 
expected from the combination of the diurnal and annual motions 
of the earth, together with the presumed motion of the solar system 
toward the constellation Hercules with a velocity of 19 km/sec. On 
the dates chosen for the observations there were two times of the 
day when the resultant of these motions would lie in the plane of 
the interferometer, about 11:30 A.M. and 9:00 P.M. The calculated 
azimuths of the motion would be different for these two times. The 
observations at these two times were, therefore, combined in such 
a way that the presumed azimuth for the morning observations 
coincided with that for the evening. The observations for the two 
times of day gave results having positive magnitudes but 
nearly opposite phases; when these were combined, the result was 
nearly zero. The result, therefore, was opposed to the theory then 
under consideration; but according to the ideas which will be set 
forth later in this address it now seems that the superposition of 
the two sets of observations of different phases was based upon an 
erroneous hypothesis and that the positive results then obtained are 
in accordance with a new hypothesis as to the solar motion. Our 
report of these experiments published in the Philosophical Magazine 
for May, 1905, concludes with the following statement: ‘“‘Some have 
thought that this experiment only proves that the ether in a certain 
basement room is carried along with it. We desire therefore to 
place the apparatus on a hill to see if an effect can be there detected.”’ 
As an important factor I may mention the state of mind in 
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which we then performed the experiment. It was proposed to look 
for a certain effect in order to check a certain theory. We had definite 
pictures in our minds as to what should happen. We calculated the 
magnitude and azimuth of the effect from the theory and discussed 
our experimental results in relation to these specific expectations. In 
every case we found that the result was negative as to these expec- 
tations. But it was never numerically zero, not even in the original 
Michelson and Morley experiment. It was zero in so far as the 
motion of the earth in its orbit is concerned. The remaining effect, 
however, was large enough to be measured. Experiments were per- 
formed to prove that it was not due to magnetic deformation of the 
frame, nor to temperature disturbances, since the effect was sys- 
tematic. It was suggested that the ether might be entrained different- 
ly inside and outside of a masonry building. 

In the autumn of 1905, Morley and Miller removed the inter- 
ferometer from the laboratory basement to a site on Euclid Heights, 
Cleveland, free from obstruction by buildings, and having an alti- 
tude of about three hundred feet above Lake Erie and about eight 
hundred and seventy feet above sea-level. The house was purposely 
of very light construction, and was transparent (glass windows) 
in the direction of expected drift. Five sets of observations were 
made in 1905-1906, which give a definite positive effect of about 
one-tenth of the then-expected drift. Professor Morley retired from 
active work in 1906, and it devolved upon the present speaker 
to continue the experiments. It seemed desirable that further obser- 
rations should be carried out at a much higher altitude, but numer- 
ous causes prevented the resumption of observations. 

The deflection of the light from the stars by the sun, as predicted 
by the theory of relativity, was put to test at the solar eclipse of 1919. 
The results were widely accepted as confirming the theory. This 
revived the writer’s interest in the ether-drift experiments, the 
interpretation of which had never been acceptable to him. Through 
the kindness of President Merriam and Directors Hale and Adams, 
a site was provided at the Mount Wilson Observatory on the top of 
Mount Wilson, at an elevation of about six thousand feet. The 
ether-drift interferometer was set up here in February, 1921, and 
observations were carried on during the succeeding five years. 
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Observations were begun in March, 1921, using the apparatus 
and methods employed by Morley and Miller in 1904, 1905, and 
1906, with certain modifications and developments in details. The 
very first observation gave a positive effect such as would be pro- 
duced by a real ether drift, corresponding to a relative motion of the 
earth and ether of about 10 km/sec. But before announcing such a 
result it seemed necessary to study every possible cause which might 
produce a displacement of fringes similar to that caused by ether 
drift; among the causes suggested were magneto-striction and 
radiant heat. In order to test the latter, the metal parts of the inter- 
ferometer were completely covered with cork about one inch thick, 
and fifty sets of observations were made showing a periodic dis- 
placement of the fringes, as in the first observations, thus showing 
that radiant heat is not the cause of the observed effect. 

In the summer of 1921 the steel frame of the interferometer was 
dismounted and a base of one piece of concrete, reinforced with 
brass, was cast in place on the mercury float. All the metal parts were 
made of aluminum or brass; thus the entire apparatus was free from 
magnetic effects and the possible effects due to heat were much re- 
duced. In December, 1921, forty-two sets of observations were made 
with the non-magnetic interferometer. These show a positive effect 
as of an ether drift, which is entirely consistent with the observa- 
tions of April, 1921. Many variations of incidental conditions were 
tried at this epoch. Observations were made with rotations of the 
interferometer clockwise and counter-clockwise, with a rapid rota- 
tion and a very slow rotation, with the interferometer extremely out 
of level, due to the loading of the float on one side. Many variations 
of procedure in observing and recording were tried. The results of 
the observations were not affected by any of these changes. 

The entire apparatus was returned to the laboratory in Cleve- 
land. During the years 1922 and 1923 many trials were made under 
various conditions which could be controlled and with many modi- 
fications of the arrangements of parts in the apparatus. An arrange- 
ment of prisms and mirrors was made so that the source of light 
could be placed outside of the observing-room, and a further com- 
plication of mirrors was tried for observing the fringes from a 


stationary telescope. Methods of photographic registration by 
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means of a motion-picture camera were tried. Various sources 
of light were employed, including sunlight and the electric arc. 
Finally an arrangement was perfected for making observations 
with an astronomical telescope having an objective of five inches 
aperture and a magnification of fifty diameters. The source of light 
adopted was a large acetylene lamp of the kind commonly used for 
automobile headlights. An extended series of experiments was made 
to determine the influence of inequality of temperature and of 
radiant heat, and various insulating covers were provided for the 
base of the interferometer and for the light-path. These experiments 
proved that under the conditions of actual observation the periodic 
displacement could not possibly be produced by temperature effects. 
An extended investigation in the laboratory demonstrated that the 
full-period effect mentioned in the preliminary report of the Mount 
Wilson observations is a necessary geometrical consequence of the 
adjustment of mirrors when fringes of finite width are used and that 
the effect vanishes only for fringes of infinite width, as is presumed 
in the simple theory of the experiment. 

In July, 1924, the interferometer was taken again to Mount 
Wilson and mounted on a new site where the temperature conditions 
were more favorable than those of 1921. The interferometer house 
was also mounted with a different orientation. Again the observa- 
tions showed a real periodic displacement of the fringes, as in all the 
observations previously made at Mount Wilson and at Cleveland. 

In spite of long-continued efforts, it was impossible to account for 
these effects as being due to terrestrial causes or to experimental 
errors. Very extended calculations were made in the effort to recon- 
cile the observed effects with the accepted theories of the ether and 
of the presumed motions of the earth in space. The observations 
were repeated at certain epochs to test, one after another, the 
hypotheses which were suggested. At the end of the year 1924, when 
a solution seemed impossible, a complete calculation of the then- 
expected effects, for each month of the year, was made for the first 
time. This indicated that the effect should be a maximum about 
April 1, and further, that the direction of the effect should, in the 
course of the twenty-four hours of the day, rotate completely around 
the horizon. Observations were made for verifying these predictions 
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in March and April, 1925. The effect was equal in magnitude to the 
largest so far observed; but it did not point successively to all points 
of the compass, that is, it did not point in directions 90° apart at 
intervals of six hours. Instead of this, the direction merely oscillated 
back and forth through an angle of about 60°, having, in general, a 
northwesterly direction. 

Previous to 1925, the Michelson-Morley experiment has always 
been applied to test a specific hypothesis. The only theory of the 
ether which has been put to the test is that of the absolutely sta- 
tionary ether through which the earth moves without in any way 
disturbing it. To this hypothesis the experiment gave a negative 
answer. The experiment was applied to test the question only in 
connection with specific assumed motions of the earth, namely, the 
axial and orbital motions combined with a constant motion of the 
solar system toward the constellation Hercules with the velocity 
of about 19 km/sec. The results of the experiment did not agree with 
these presumed motions. The experiment was applied to test the 
Lorentz-FitzGerald hypothesis that the dimensions of bodies are 
changed by their motions through the ether; it was applied to test 
the effects of magneto-striction, of radiant heat, and of gravitational 
deformation of the frame of the interferometer. Throughout all these 
observations, extending over a period of years, while the answers 


“ce 


to the various questions have been ‘‘no,” there has persisted a con- 
stant and consistent small effect which has not been explained. 
The ether-drift interferometer is an instrument which is gen- 
erally admitted to be suitable for determining the relative motion 
of the earth and the ether; that is, it is capable of indicating the 
direction and the magnitude of the absolute motion of the earth and 
the solar system in space. If observations were made for the de- 
termination of such an absolute motion, what would be the result, 


‘ 


independent of any “‘expected”’ result? For the purpose of answer- 
ing this general question, it was decided to make more extended 
observations at other epochs in 1925, and this was done in the 
months of July, August, and September. 

It may be asked: Why was not such a procedure adopted be- 
fore? The answer is, in part, that we were concerned with the veri- 
fication of certain predictions of the so-called ‘‘classical’’ theories, 
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and in part that it is not easy to develop a new hypothesis, however 
simple, in the absence of direct indication. Probably a considerable 
reason for the failure is the great difficulty involved in making the 
observations at all times of day at any one epoch. I think I am not 
egotistical, but am merely stating a fact when it is remarked that 
the ether-drift observations are the most trying and fatiguing, as 
regards physical, mental, and nervous strain, of any scientific work 
with which I am acquainted. The mere adjustment of an inter- 
ferometer for white-light fringes and the keeping of it in adjustment, 
when the light-path is 214 feet, made up of sixteen different parts, 
and when it is in effect in the open air, requires patience as well as a 
steady “nerve” and a steady hand. Professor Morley once said, 
“Patience is a possession without which no one is likely to begin 
observation of this kind.”’ The observations must be made in the 
dark; in the daytime, the interferometer house is darkened with 
black paper shades; the observations must be made in a temperature 
which is exactly that of the out-of-door air; the observer has to walk 
around a circle about twenty feet in diameter, keeping his eye at the 
moving eyepiece of the telescope attached to the interferometer, 
which is floating on mercury and is turning on its axis steadily, at 
the rate of about one turn a minute; the observer must not touch 
the interferometer in any way, and yet he must never lose sight of 
the interference fringes, which are seen only through the small 
aperture of the eyepiece of the telescope, about a quarter of an inch 
in diameter; the observer makes sixteen readings of the position of 
the interference fringes in each turn, at times indicated by an elec- 
trical clicker; these operations must be continued without a break 
through a set of observations, which usually lasts for about fifteen 
or twenty minutes, and this is repeated continuously during the 
several hours of the working period. 

When observations are in progress, the interferometer to which 
the observing telescope is attached is caused to rotate on the mer- 
cury float so that the telescope points successively to all points of 
the compass, that is, it points to all azimuths. A relative motion of 
the earth and the ether should cause a periodic displacement of the 
interference fringes, the fringes moving first to one side and then to 
the other as referred to a fiducial point in the field of view, with two 
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complete periods in each rotation of the instrument. Beginning when 
the telescope points north, the position of the fringes is noted at 
sixteen equidistant points around the horizon. The azimuth of the 
line of sight when the displacement is a maximum having been noted 
at two different times of day, it is a simple operation to calculate the 
right ascension and declination, or the “apex” of the presumed 
“absolute” motion of the earth in space. The determination of the 
direction of the earth’s motion is dependent only upon the direction 
in which the telescope points when the observed displacement of 
the fringes is a maximum; it is in no way dependent upon the 
amount of this displacement or upon the adjustment of the fringes 
to any particular zero position. As the readings are taken at inter- 
vals of about three seconds, the position of the maximum is de- 
pendent upon observations covering an interval of less than ten 
seconds. A whole period of the displacement extends over only about 
twenty-five seconds. Thus the observations for the direction of the 
absolute motion are largely independent of ordinary temperature 
disturbances. The observation is a differential one, and can be made 
with considerable certainty under all conditions. A set of readings 
usually consists of twenty turns of the interferometer made in about 
fifteen minutes’ time; this gives forty determinations of the periodic 
effect. The forty values are simply averaged to give one “‘observa- 
tion.”’ Any temperature effect, or other disturbing cause. which is 
not regularly periodic in each twenty seconds over an interval of 
fifteen minutes would largely be canceled out in the process of 
averaging. The periodic effect remaining in the final average must 
be real. 

The position of the fringe system is noted in units of a tenth of a 
fringe-width. The actual velocity of the earth’s motion is deter- 
mined by the amplitude of the periodic displacement, which is pro- 
portional to the square of the relative velocity of the earth and the 
ether and to the length of the light-path in the interferometer. A 
relative motion of 30 km/sec., equal to the velocity of the earth 
in its orbit, would produce a displacement of.the fringes from one 
extreme to the other, of 1.1 fringes. Disturbances due to tempera- 
ture or other causes lasting for a few seconds or for a few minutes 
might affect the actual amount of the observed displacement and 
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thus give less certain values for the velocity of relative motion, while 
at the same time the position of maximum displacement is not 
disturbed. Thus it is to be expected that the observations for the 
velocity of motion will not be as precise as the observations for the 
direction of motion. The two things, magnitude and azimuth of 
observed relative motion, are quite independent of each other. 

It is desirable to have observations equally distributed over 
the twenty-four hours of the day; since one set requires about fifteen 
minutes of time, ninety-six sets, properly distributed, will suffice. 
The making of such a series usually occupies a period of ten days. 
The observations are finally reduced to one group, and the mean 
date is considered the date of the epoch. The observations made at 
Mount Wilson in 1925 correspond to the three epochs, April 1, 
August 1, and September 15, and are more than twice as numerous 
as all the other ether-drift observations made since 1881. The total 
number of observations made at Cleveland represents about one 
thousand turns of the interferometer, while all the observations made 
at Mount Wilson previous to 1925 correspond to 1200 turns. The 
1925 observations consist of 4400 turns of the interferometer, in 
which over 100,000 readings were made. A group of eight readings 
gives a value for the magnitude and direction of the ether-drift 
function, so that 12,500 single measures of the drift were obtained. 
This required that the observer should walk, in the dark, in a small 
circle, for a total distance of one hundred miles, while making the 
readings. Throughout these observations the conditions were excep- 
tionally good. At times there was a fog which rendered the tempera- 
ture very uniform. Four precision thermometers were hung on the 
outside walls of the house; often the extreme variation of tempera- 
ture was not more than one-tenth of a degree, and usually it was 
less than four-tenths of a degree. Such variations did not at all 
affect the periodic displacement of the fringes. It may be added that 
while the readings are being taken, neither the observer nor the 
recorder can form the slightest opinion as to whether any periodicity 
is present, much less as to the amount or direction of any periodic 
effect. 

The hundred thousand readings are added in groups of twenty, 
are averaged, and then plotted in curves. These curves are subjected 
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to mechanical harmonic analysis for the purpose of determining 
the azimuth and magnitude of the drift. In this work all the original 
observations have been used, without any omissions and without 
the assignment of weights; furthermore, there are no corrections of 
any kind to be applied to the observed values. The results of the 
analyses are finally charted in such a way as to show the variation in 
the azimuth of the drift throughout the day of twenty-four hours for 
each epoch, and the variation in magnitude is similarly charted. 

|The observations of 1925 were described and the details of the 
results were shown by means of lantern-slide diagrams. A similar re- 
port constituted the address of the President of the American 
Physical Society read at Kansas City on December 29, 1925. This 
address is printed in full in Science, 63, 433-443, April 30, 1926.| 

A calculation based only on the observations of 1925 was made 
to determine the absolute motion of the earth. The 1 t of this, 
as reported at the Kansas City meeting, indicated thai the solar 
system is moving toward an apex in the constellation Draco with a 
velocity which is in excess of 200 km/sec. In order to confirm the 
Kansas City report, a set of observations consisting of 2020 turns 
of the interferometer was made at Mount Wilson, corresponding to 
the epoch February 10, 1926. A complete calculation has now been 
made, including the observations of both 1925 and 1926, which 
leads to the following conclusion: The ether-drift experiments at 
Mount Wilson show, first, that there is a systematic displacement 
of the interference fringes of the interferometer corresponding to a 
constant relative motion of the earth and the ether at this observa- 
tory of 10 km/sec., with a probable error of 0.5 km/sec.; and, 
second, that the variations in the direction and magnitude of the 
indicated motion are just such as would be produced by a constant 
motion of the solar system in space, with a velocity of 200 km/sec., 
or more, toward an apex in the constellation Draco, near the pole 
of the ecliptic, which has a right ascension of 255° (17 hours) and 
a declination of +68°; and, third, that the axis across which the 
observed azimuth of drift fluctuates, because of the rotation of the 
earth on its axis, points in a northwesterly direction, whereas the 
simple theory indicates that this axis should coincide with the north 
and south meridian. 
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The arguments which have led to these conclusions may be illus- 
trated by means of Figures 6 and 7. In the lower part of Figure 6 the 
four light-line curves represent the average azimuths for the four 
epochs of observation, plotted with respect to Mount Wilson local or 
civil time. The curves all have the values for midnight on the 








ordinate for zero hours and the noon values on the ordinate for 
twelve hours, etc. The heavy curve represents the average of the 
four sets of observations and is clearly seen to be irregular and 
nearly zero in value. In the upper part of Figure 6, the four azimuth 
curves are plotted against sidereal time. The heavy-line curve repre- 
senting the average is clearly a periodic curve. If the effect is due 
to a motion of the earth through space, the sidereal time at which 
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this curve crosses the time axis is the right ascension of the apex of 
the motion. This occurs at seventeen hours. The declination of the 
apex is determined from the amplitude of the curve and the cosine 
of the latitude of the observatory, and is equal to +68°. Figure 7 
shows, at the bottom, the average diurnal variation in the azimuth 











FIG. 7 


(the broken line) as compared with the theoretical variation shown 
by the smooth curve. The upper part of Figure 7 shows, in the 
broken line, the average diurnal variation in the observed magnitude 
of the effect, while the smooth curve shows the theoretical variation. 
If this is due to an ether drift, the sidereal time of minimum magni- 
tude is the right ascension of the apex. This is seventeen hours, in 
agreement with the right ascension obtained from the azimuth 
curve. The declination of the apex is dependent upon the minimum 
and maximum values of the effect and upon the latitude of the ob- 
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servatory. The computed value is about +69°, agreeing with that ob- 
tained from the azimuth curve. As far as instrumental considerations 
are concerned, the azimuth and magnitude are independent of each 
other; it is only when they are produced by the same cause that there 
is any necessary connection between them. The agreement of the cal- 
culated and observed effects for both magnitude and azimuth surely 
points to a real, cosmical cause. The result cannot be considered 
as a “null” effect; neither can it be due to instrumental or local 
disturbances. 

The fact that the direction and magnitude of the observed ether 
drift are independent of local time and are constant with respect to 
sidereal time implies that the effect of the earth’s orbital motion is 
imperceptible in the observations. The present experiments show 
no effect of the orbital motion, and hence they are no more con- 
sistent with the old theory of a stagnant ether than were the 
experiments of Michelson and Morley. In order to account for 
the absence of the orbital effect, it is assumed that the constant 
motion of the earth in space is more than 200 km/sec., but that for 
some unexplained reason the relative motion of the earth and the 
ether in the interferometer at Mount Wilson is reduced to 10 
km/sec.; under those conditions a component motion equal to the 
earth’s orbital motion would produce an effect on the resultant which 
is just below the limit of the smallest quantity which can be meas- 
ured by the present interferometer. It is for this reason that it is 
concluded that the velocity of the motion of the solar system is at 
least 200 km/sec., and it may be much greater. 

Several critics seem to be under the impression that the earlier 
Cleveland observations gave a real zero effect and that it is claimed 
that the present positive effect is due to the greater elevation at 
Mount Wilson. This is not true. The numerical values of the posi- 
tive effect at Cleveland and at Mount Wilson are so nearly equal 
that with the observations now available (those at Cleveland being 
relatively few in number) it is impossible to state that there is any 
effect due to altitude. If there is any influence of altitude, it is cer- 
tainly small; further observations at Cleveland are now being made 
to determine this matter. 

In order to account for these effects as the result of an ether drift, 
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it seems necessary to assume that, in effect, the earth drags the 
ether so that the apparent relative motion at the point of observa- 
tion is reduced from 200, or more, to 10 km/sec., and further that 
this drag also displaces the apparent azimuth of the motion about 
60° to the west of north. It is possible that the westerly deflection 
is influenced by the trend of the Mount Wilson range of mountains 
from southeast to northwest. The reduction of the indicated veloc- 
ity of 200 km/sec., or more, to the observed value of 10 km/sec. may 
be explained by the theory of the Lorentz-FitzGerald contraction 
without assuming a drag of the ether. This contraction may or may 
not depend upon the physical properties of the solid, and it may or 
may not be exactly proportional to the square of the relative veloci- 
ties of the earth and the ether. A very slight departure of the con- 
traction from the amount calculated by Lorentz would account for 
the observed effect. 

The values of the quantities defining the absolute motion of the 
solar system as obtained from these ether-drift observations are in 
general agreement with the results obtained by other methods. The 
recent study of proper motions of stars by Ralph Wilson, of the 
Dudley Observatory, and of the radial motions of the stars by 
Campbell and Moore, of the Lick Observatory, gives the apex of the 
sun’s way in the constellation Hercules with a right ascension of 
270° and a declination of about + 30°, with a velocity of about 
19 km/sec. Dr. G. Stromberg, of the Mount Wilson Observatory, 
from a study of globular clusters and spiral nebulae, finds evidence 
of a motion of the solar system toward a point having a right ascen- 
sion of 307° and a declination of + 56°, with a velocity of 300 km/sec. 
Lundmark, studying the spiral nebulae, finds evidence of a motion 
having a velocity of 400 km/sec. The various determinations of the 
motion of the solar system are all in the same general direction and 
lie within a circle having a radius of 20°. Our assumed velocity of 
200 km/sec. is simply a lower limit; it might equally well be 300 or 
400 km/sec. The first assumption therefore seems to offer no diffi- 
culty. The location of the apex in the constellation Draco, at right 
ascension 255° and declination +68°, is within 6° of the pole of the 
ecliptic, that is, the indicated motion of the solar system is almost 
perpendicular to the plane of the ecliptic. The sun’s axis of rotation 
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points to within 12° of this apex. One cannot help wondering 
whether there may be some dynamic significance in these facts. 

The argument now being presented can be demonstrated only by 
means of observations extending over the whole twenty-four hours 
of the day, in order to determine the exact form of the daily varia- 
tion in magnitude and azimuth of the effect, and by means of 
observations made at different times of year, in order to prove that 
the effect is dependent on sidereal time. The earlier observations of 
1887 and 1905 are not sufficiently numerous and are not distributed 
throughout the day in such a manner as to make it possible to 
calculate the direction of the drift. These earlier observations were 
made for the purpose of detecting the earth’s orbital motion and 
consequently were made at two selected times of day, such that at 
one time the magnitude of this particular effect would be a maximum 
and at the other time it would be zero; or, two times of day were 
chosen in which the azimuth of the orbital component of motion 
would have very different values. Furthermore, until the year 1925 
the experiments have never been carried out at intervals of six 
months. The reason that a second set of experiments has not 
been made after this interval before is simply that in no instance 
has the expected effect been found in a first set. 

The observations made at Cleveland by Michelson and Morley 
in 1887, and later repeated by Morley and Miller, have just been 
recomputed on the present hypothesis; while the earlier observa- 
tions are not sufficient to determine the direction of the drift, they 
are nevertheless shown to be entirely consistent with the conclusions 
drawn from the Mount Wilson experiments. Or, to state the con- 
verse, the present result wholly confirms the earlier experiments of 
Michelson and Morley, giving no evidence of the effect of the earth’s 
orbital motion. In addition to this, the recent experiments, by a 
thorough study of the residual effects, have shown that there is a 
systematic cosmical effect as of a true ether drift. This conclusion 
introduces a new question, ‘‘Why is the magnitude of the effect less 
than would be expected on the classical theories and why is the 
direction of the effect at Mount Wilson deflected to the westward?”’ 
This question certainly is no more difficult than are many others 


now awaiting solution. 
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The interferometer is being set up again on the campus of Case 
School of Applied Science in Cleveland, near the place where the 
original Michelson-Morley experiment was performed in 1887. It is 
proposed to make a series of observations for four epochs of the 
year, comparable in every way with the Mount Wilson series. This 
will give information as to the possible effects of local conditions; 
it is hoped that it will show more definitely whether there is any 
effect due to altitude, and whether the orbital motion is appreciable. 


IV. DR. ROY J. KENNEDY (CALIFORNIA INSTITUTE OF TECHNOLOGY) 

When Professor Miller published the conclusions that he 
presented to us yesterday, it became necessary, or at least very 
desirable, that the experiment be repeated independently. It is such 
a performance of the experiment that I shall discuss this morning. 

In this experiment the light-paths were reduced to about 4 m, 
and the required sensitiveness was obtained by an arrangement 
capable of detecting a very slight displacement of the interference 
pattern. The whole optical system was inclosed in a sealed metal 
case containing helium at atmospheric pressure. Because of its small 
size, the apparatus could be effectively insulated, and circulation and 
variations in density of the gas in the light-paths nearly eliminated. 
Furthermore, since the value of »—1 for helium is only about one- 
tenth that for air at the same pressure, it will be seen that the dis- 
turbing effects of changes in density of the gas correspond to those 
in air at only a tenth of an atmosphere of pressure. Actually it was 
found that any wavering of the interference pattern was imper- 
ceptible, and when temperature equilibrium had been reached there 
was no steady shift. 

The plan of the apparatus is sketched in Figure 8. The optical 
parts are mounted on a marble slab 122 cm square by 10.5 cm thick, 
which rests on an annular float in a pan of mercury 77 cm in diam- 
eter. This is simply a reduced copy of Michelson’s original mount- 
ing. The mirrors M,, M,, and M, are fixed in position; such adjust- 
ments of the compensating plate C and mirror M, as are necessary 
after the cover is in place can be made from the observer's position 
at the telescope. The green light \ 5461 is separated by the lens 
and prism system from the radiation of a small mercury arc lamp 
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S attached to the slab, and passed through a small hole in the screen 
Z. The pencils of light are carefully limited by screens and by focus- 
ing in order to prevent stray light from reaching the eye and thereby 
reducing its sensitiveness. Adjustments are made so that broad 
fringes are‘formed at the surface of M, and M.,, on which the tele- 
scope is focused. Final adjustments are made by rotating the com- 
pensating plate C by means of a fine differential screw, and by plac- 
ing small weights near the corner of the slab; under proper condi- 
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tions a 5-g weight deflects the heavy slab just perceptibly. The ad- 
justing screws are manipulated by means of spindles passing through 
short flexible tubes in such a way as to be freely rotatable but air 
tight. After the mirrors are given preliminary alignment, the cover 
is carefully lowered into place, sealed to the slab, and then filled with 
helium. 

Schematically, the arrangement of the interferometer is shown 
in Figure 9. A beam of practically plane-parallel, homogeneous 
light, plane-polarized so that its electric vector lies in the plane of 
the paper, moves to the right and falls on the mirror M, at the polar- 
izing angle for the given wave-length. At the upper face the beam 
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is split by a thin platinum film into two parts of nearly equal 
intensity, one passing to the mirror M, and the other to M,. From 
there they are reflected back to M;, where they recombine and pass 
to the eye through a telescope focused on M, and M,. Two purposes 
are accomplished by the use of plane-polarized light: first, the non- 
interfering rays indicated by the dotted lines, which would be pro- 
duced with natural light, are completely eliminated; and, second, 
the recombining beams can be adjusted to perfect equality of in- 
tensity by varying the relative reflecting powers of M, and M,. Be- 
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cause there are two more glass-air interfaces to be traversed by the 
upper beam than by the lower, it is impossible to equalize both 
components of natural light in this way. 

The high sensibility necessary because of the short paths is 
secured chiefly by the simple device of raising one-half of the surface 
of mirror M, a small fraction of a wave-length above the other, the 
dividing line between the two levels being straight and as sharp as 
possible. The mirror used was made by covering part of a plane 
plate with a flat sharp-edged microscope cover-glass and applying 
the extra thickness by cathode deposition of platinum, thereafter 
giving the whole plate a fully reflecting coat. I ran across the sug- 
gestion of using such a divided mirror in interferometry some years 
ago, but am unaware to whom the credit for it belongs. 
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The theory of the arrangement is as follows: The interference 
phenomena will be the same as if the mirror M, were replaced by its 
image in M,. Under the conditions of the experiment, where the 
paths are nearly equal, M, is perpendicular to the beam incident on 
it, and the reflected beams are brought nearly to parallelism, the 
image of M, will be nearly parallel and coincident with the face of 
M,. Elementary theory shows that the resulting interference pat- 
tern then practically coincides with M,. It would needlessly compli- 
cate this discussion to develop the general theory of interference for 
all inclinations of the mirrors; the experimentally realized case of 
near parallelism alone is necessary. 

Let Figure 10 represent a greatly exaggerated cross-section of 
M, and the image of M,, normal to their planes and to the dividing 
line in M,. M, lies in the plane x=o, and the levels of M, are at 
equal distances on opposite sides of a parallel plane at the distance 
x from M,. Let a monochromatic wave, in which the displacement 
is given by 

£=a cos w(t+e—" R 
fall on M, and M, from the left. At the surface of M, the displace- 
ment in the reflected wave is then given by 


£,=a cos w(t+e) 


if we ignore the loss through imperfect reflection. The displacement 
in the plane of M, in the wave reflected from the upper part of M, is 


2(x—a) 


C 


£,=a cos w| t+e— 








The square of the resultant displacement is then 


t-e— 24-9) 


C 








(é,+£,)? =a? } cos w(t+e)+cos w 
This can be reduced to the form 


2w , 
2a7| 1-+cos (x—a) | cos? w(t—5) . 
. 
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Similarly, the square of the resultant displacement in the interfering 
beams below the dividing line is found to be 


e 


2a cos? w(f—o). 


1+cos wa (x+a) 


c 








The intensities, being proportional to the squares of the amplitudes, 
can be represented by 


i, = ka"| 1+ cos pas (x—a) 


C 





and 


' 
2) 


1+cos ~— (x+a) 


¢ 


l= 2a? 








Now w=2z7v where v=frequency of the light. Hence w/c=27/X. 
Therefore 


I= ke"| 1+cos = (xa) | 
and 


. 


I,= ka’| +cos - (x+ a) 





For values of «=n\/4, where v is an integer, 
Ta 
:=ha*( 1008 = P 


the sign being positive for even values of and negative for odd 
values. The same expression holds for /,; hence, under these condi- 
tions, 

I,=T,. 


To the observer, then, the field of view is equally intense on both 
sides of the dividing line when «=n)/4. 

We have now to determine the least change in x from this value 
which will produce a perceptible difference in illumination in the 
two sides of the field. If x is given the variation 6x while a is kept 
constant, the difference in intensity will be 


A AT, 
sr= (O_O) 5y 


Ox Ox 
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Now 
Of; _ 5 ake? sin 47% 
Ox r r 
Similarly, 
OI, _4mka*® . 4ra 
= sin : 
-~” & r 
Therefore 


8 a 
6J=+ ct sin ed 6x , 


the sign being of no importance. 

The perceptibility of the variation is determined not by 6/ alone, 
but by the ratio of 6/ to the total intensity, 7, or 7,. According to 
the Weber-Fechner law, if 57 is taken to be the least perceptible 
variation in intensity, the foregoing ratio is nearly constant for a 
considerable range of intensities. With this meaning of 6/7, 6x be- 
comes the least detectable change of position of M,. 

If initially we have uniformity of illumination, we have from 
the equations above, 


sin a 
él 8&r ; 
— 6x ma 
1+cos 4 
or 
47a 
bp 
» af tt cos \ 
éx= ———_—- 
8r I ite 47a 


If now 6//J were a true constant, we should have for the case of neg- 
ative sign, which corresponds to dim illumination of the field, the 
sensibility of the apparatus increasing indefinitely as the factor a 
was made smaller. J decreases with a, however, and the Fechner 
“constant”? soon diminishes rapidly. Nevertheless, the conditions 
of illumination and contrast here are similar to those in the half- 
shade polariscope, and from the theory of the Lippich instrument it 
appears that 6//J equals about 8 X10~3. The lack of perfect plane- 
ness in the mirrors and of equality of intensity in the interfering 
beams is a further limiting factor; a little experimenting indicated 
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that a should not be much less than 0.025 A, which was the value 
finally used. Substituting these values in the last equation, we get 


6x=5 X10 5X 


as the least detectable change in position of one of the mirrors. This 
corresponds to a change of optical length of path 


6l= 264 =107*. 


To take full advantage of the possibilities of the arrangement 
would have required perfect mirrors and an intenser and, therefore, 
hotter source of light than would have been desirable near the sensi- 
tive apparatus, as well as lengthening the interval between observa- 
tions, thus allowing greater chance for any steady temperature shift 
to show itself. No attempt was made in the experiment, therefore, 
to go below values of 4/ equal to 2 10-4 \; such variations were de- 
tectable without the least uncertainty. 

With this apparatus the velocity of 10 km/sec. found by Pro- 
fessor Miller would produce a shift corresponding to 8 X 1073 wave- 
lengths of green light, which is four times the least detectable value. 

The experiment was performed in a constant-temperature room 
in the Norman Bridge Laboratory at various times of day, but 
oftenest at the time when Miller’s conclusions require the greatest 
effect. The sensitiveness of the eye was tested for each trial by the 
placing or removal of a small weight on the slab before and after 
rotating it. There being no fluctuations in the field of view, it was 
unnecessary to take the average of a number of readings. As has 
been shown, a shift as small as one-fourth that corresponding to 
Miller’s would have been perceived. The result was perfectly deti- 
nite. There was no sign of a shift depending on the orientation. 

Because an ether drift might conceivably depend on altitude, 
the experiment was repeated on Mount Wilson, in the 1oo-inch 
telescope building. Here again the effect was null. 

| Note added A pril, 1928.—Illingworth at the California Institute 
of Technology has continued the work with Kennedy’s apparatus, 
using improved optical surfaces and a method of averaging. He 
concludes" that no ether drift as great as 1 km/sec. exists.| 


* Physical Review, 30, 692, 1927. 
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V. PROFESSOR E. R. HEDRICK (UNIVERSITY OF 
CALIFORNIA AT LOS ANGELES) 

[Because of lack of time Professor Hedrick presented only a 
summary of the following contribution, prepared by himself and 
Professor Ingold of the University of Missouri.| 

I. INTRODUCTION 

The celebrated experiment by Michelson to determine the rela- 
tive motion of the earth and the luminiferous ether was first made 
in 1881.’ Objection to the mathematical theory was raised by H. A. 
Lorentz in 1886,? and in 1887 the theory was modified by Michelson 
and Morley to meet this objection.’ It is the theory accompanying 
the account of their 1887 experiment that is usually given and that is 
now generally accepted. 

Until about 1898 it does not appear that any further serious 
objections were raised against the theory. From that time on, how- 
ever, numerous papers‘ dealing with the matter have appeared, 
which, in many instances, contain objections to one feature or 
another of the theory. The differences of opinion appear to arise 
mainly from different conceptions regarding the mechanism of inter- 
ference phenomena. 

In view of the wide diversity of opinion on the subject, it has 
seemed worth while to work out the theory anew, on the basis of 
some reasonable hypothesis that has been employed in dealing with 
other phases of interference phenomena. 

Some portions of the present investigation appear to be closely 
related to part of the work of Righi as reported by Stein,’ and 

t American Journal of Science, 22, 120, 1881. 

2 Archives Néerlandaises, 31, 2™* livre, 1886. 

3 Philosophical Magazine (5), 24, 449, 1887. 

4 We mention the following: Sutherland, ibid. (5), 46, 23, 1898; Hicks, ibid. (6), 
3, 9, 1902; Sutherland, Nature, 63, 205, 1900; Luroth, Ber. d. Bayr. Ak. d. W., 7, 1909; 
Kohl, Annalen der Physick, 28, 259, 1909; Budde, Physikalische Zeitschrift, 12, 979, 
1911, and 13, 825, 1912; Righi, Sessions of the Royal Institute of Bologna, 1919 and 1920. 

For replies to some of these articles consult the following: Lodge, Philosophical 
Magazine (5), 46, 1898; Morley and Miller, ibid. (6), 9, 669, 1905; Laue, Annalen d, 
Physik, 33, 186, 1910, and Physikalische Zeitschrift, 13, 501, 1912; Debye, Beibldtter 
zu den Annalen der Physik, 34, 1910. 


5 “Michelson’s Experiment and Its Interpretation according to Righi,” Memorie 


della Societa Astronomica Italiana, 1, 283, 1920. 
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confirms, by an independent calculation, some of Righi’s results, 
which is a matter of great importance, since the accuracy of his 
work has been called in question.’ 
2. REFLECTION FROM A MOVING MIRROR 

We begin by obtaining certain general formulae for the reflection 
of light from a moving mirror. Two cases are considered: (a) the 
direction of motion of the mirror coincides with the direction of 
the rays of light before reflection; (6) the direction of motion of the 
mirror makes an angle 9 with the direction of the rays of light. 

a) Denote the velocity of light by c and the velocity of the 
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mirror by v. Let /# represent the tangent of the angle of inclination 
of the mirror to the direction of motion. 

In Figure 11, AZ represents the front of a wave advancing on 
the mirror at A. While the mirror moves from AL to A’L’, the 
portion of the wave at Z traverses the distance ZL’. Therefore, 
denoting the angle A’AL’ by a, we have 

tan ante = or )h= (1—B)h, 
which gives the position of the equivalent fixed mirror. 

Similarly, A’ is the position of the equivalent fixed mirror for a 
ray coming from the opposite direction CA; and if we denote CA’L 
by y, we have 


tan y=(1+8)h. 


t See Observatory, 44, 340-341, 1921. 
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b) If the direction of motion of the mirror makes an angle with 
the direction of the rays, then from Figure 12 it is clear that the 
mirror really advances with a velocity 

v sin 0 


v cos 0— 
_— 


so that the formulae for this case may be obtained from those of the 
previous case by putting 


/ 


sin 0 
s O0-— 
B( cos h ) 


in place of £. 
If the mirror is inclined at an angle of 45° to the direction of the 
rays of light, :=1 and 
tan a=1—f(cos O—sin 9) , 
while 
tan y=1+ (cos O—sin 0). 


3. APPLICATION TO THE MICHELSON-MORLEY EXPERIMENT 


In the Michelson-Morley experiment a ray of light from a source 
S (Fig. 13) meets a half-silvered glass plate, inclined at 45° to its 
path, at A. A portion is reflected to a mirror at B, parallel to SA, 
from which it is again reflected to pass through the plate at A’ and 
finally into a telescope at T. Another portion is transmitted through 
the glass plate at A to a mirror at C, perpendicular to SA, from 
which it is returned to the glass plate at A’ and from there a further 
portion is reflected into the telescope at JT. When the mirrors are 
set as described, with absolute accuracy, we call the experiment the 
“ideal Michelson-Morley experiment.”’ We wish to compute the 
angle T’A’T. 

We assume that the earth and the apparatus are moving through 
the ether in a direction making an angle 0 with the path of the rays 
SA. 

It will be necessary to determine the position of the equivalent 
fixed mirror at B. 

For convenience denote 6(cos 9—sin 8) by £ Then the angle 
CAB =2a where tan a=1—&. 

In Figure 14, if BE is the wave front of the ray reflected from A 
and if the mirror at B advances from BM to B’M’ (a distance r in 
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B 

















the direction 8) while the portion of the wave front at E advances 
to M’, then BM’ is the position of the equivalent fixed mirror. 
Denote the angle MBM’ by p; then 

tan p=’ 
BG 


where GM’ is perpendicular to BM. 
GM’'=MM’' sin 2a=,r sin 9; BG=BM+MM' cos 2a; 
EM r 


BM=os2a° %-EM+MM’’ 
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Therefore 
rsin 0 —— _7rB sin 0 
BM+MM' cos 2a EM8B 


COS 2a 


tan p= 
+MM’'8 cos 2a 


rB sin 8 cos 2a 
r—rBsin O@ sin 2a ° 


But we have tan a=1—&; hence, to terms of the second order, 


+2 
2 ¢2 


- — Ss 
. cos 2a=&+ 


> 
< 


sin a=I— 


wo | 


Substituting these values in the expression for tan p, we have 
tan p=? sin 9 (cos 8—sin 9)., q.p. 
Now if we denote the angle CA’T by ¢ and the angle CA’T”’ by 
y, we have (remembering that ¢ and y are negative angles) 
o+p=2a—p or = 2(p—a) 
y=2y—180°. 
Thus the positive angle 


T’ A'T =¢—W=2p—2a—2y+ 180°. 


To determine the tangent of this angle, we find 


2(1—£) 

wa (~$8)8 ———— , 
ome == 
2(1+&) 

an (2y— 180°) =—— =, 
tan (2y— 180°) 7—(1+8) 


and therefore 


Ag 
tan (—2a—2y-+180°) =, q.p. 
- a 


From this we obtain 


+ 26? sin 0 (cos 0—sin 9) 


ome 2€2 oj “Oc = q-P- ) 
1— 26° sin 0 (cos O—sin 9) 


tan (¢—y) = 


since tan 2p = 26? sin O(cos 8—sin 9) to terms of the second order. 
Substituting for € and reducing, we have finally 


tan (¢—y) =? cos 20. 
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This formula was obtained by Righi, who concluded from it that 
a rotation of the apparatus (in the ideal experiment) through 90° 
would produce absolutely no effect, since, although the distances 
traversed by the two rays are exchanged, yet at the same time their 
positions are also exchanged; that is, the ray having the longer path 
occupies the same relative position with respect to that one having 
the shorter path, after the rotation as before. It follows that the 
pattern of the interference fringes after the rotation cannot be dis- 
tinguished from that before the rotation." 


4. THE USUAL THEORY 

A careful computation of the difference in the length of path 
traversed by the two rays yields precisely the same result as is given 
in the usual theory, namely, 6? cos 20. As a matter of fact, it was 
also known that, under ideal conditions, there exists a second-order 
difference in the directions of the final rays.2 The view has been, 
however, that this difference in direction could affect the difference 
in time, up to the telescope, and therefore the difference in phase, 
only by an amount of the third order in 8. Thus it was thought that 
this difference had no appreciable effect on the position of the inter- 
ference fringes, although it might modify the width of the fringes. 

In the next section we investigate, as far as we can, the legitimacy 
of this older view. As a basis for this investigation, we use a concep- 
tion of the mechanism of interference phenomena which has been 
employed in other connections. Whether its application in the 
present instance is legitimate is perhaps a matter to be decided by 
experiment, but there does not seem to be any very evident reason 
why it cannot be employed with safety. 

We may mention here that, quite apart from any special hypoth- 
esis concerning interference phenomena, the argument of Righi given 
at the conclusion of the preceding section proves absolutely that the 
second-order change in the angle between the final rays is by no 
means negligible, since in the ideal experiment the expected shift for 
a rotation through go’ js proportional to 26’ if that angle is not taken 
into account, but is zero when it is taken into account. 


* See, for example, Larmor, Aether and Matter, p. 53. 


2 See Michelson and Morley, /oc. cit.; also Larmor, p. 48. 
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5. POSSIBLE EFFECT OF DIFFERENCE OF ANGLE ON THE POSITION OF 
THE INTERFERENCE BANDS 
Figure 15 represents the network of wave fronts of the two inter- 
fering rays. The space between F, and F, represents the central 
bright fringe. 
Let the ray s change its direction (relative to the ray ¢) by the 
amount Aa. If the new wave front f, meets the old wave front f; near 
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FIG. 15 


the edge of the fringe at V, the center of the fringe will be shifted 
to the left from M to M’. The amount of this shift, which is due 
wholly to the change of angle between the interfering rays, will de- 
pend on the distance of the point of intersection of the consecutive 
wave fronts from the edge of the fringe. As this point approaches 
the center of the fringe, the distance MM’ becomes negligible. In 




















CONFERENCE ON MICHELSON-MORLEY EXPERIMENT 


this case the effect is to widen the fringe without appreciably altering 
the position of its center. 

The foregoing is based, of course, on the hypothesis that the 
distances traversed by the two rays are not changing. If the distance 
traversed by ¢ changes, then the wave front LM takes a new position 
indicated by the dotted line. 

Now actually, the two changes occur simultaneously; and as 
both are periodic it seems inevitable that the point of intersection of 
f, and f, should at times come near enough to produce an appreciable 
displacement. 

It is conceivable, of course, that the two effects might neutralize 
each other, as indicated at the bottom of the figure, where the point 
of intersection of consecutive rays is supposed to come outside of 
the central fringe. 


6. FORMULA FOR THE SHIFT OF THE FRINGES 


It seems to be impossible to obtain a formula for the amount of 
the shift of the fringes without making certain assumptions concern- 
ing the nature of interference phenomena. 

The simplest procedure seems to be to study the network of 
parallelograms so drawn that each system of parallel sides represents 
the successive positions of some definite phase of the waves of the 
corresponding ray. 

Let Figure 15 represent this network of parallelograms, and let a 
denote the distance of the middle of the central fringe to the right 
of some convenient origin. This distance will depend upon the initial 
adjustment between the distances traversed by the two rays. 

If it is agreed that only the relative positions and lengths of 
paths of the two rays s and / are involved, we may suppose that one 
of the rays remains fixed in length while the other remains fixed in 
direction. 

Let the ray ¢ be supposed to rotate about a point in the neighbor- 
hood of its image. Then one of the lines f representing a certain 
phase of ¢ may be supposed to envelop a circle. Let ) denote the 
distance to the right of the origin of the point of contact of this 
circle with f in its initial position. 
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Use the following notations: a’ equals the new value of a due 
to change of length of s, 6’ equals the new value of b due to change 
of direction of t, M’ denotes the middle of central fringe after s has 
changed length, and M” denotes the final position of the central 
fringe. 

After the apparatus has rotated through an angle 90, we have 

a’ =a— DB?(1—cos 280) , 
b'=b+ DB?(1—cos 20) , 
M’M" a—b—2D£6?(1—cos 20) 
I—cos 20 r+cos 20 : 





Adding M’M” to a’, we have for the position of M’’, the new 
middle point of the central fringe, 


nw ~rt1) +b cos 20— Dfilr+2—(r+3) cos 20-+cos" 20] 
ines r+cos 20 ; 








7. POSITION OF MAXIMUM SHIFT 


The formula of the last section shows that the fringes have a 
periodic motion across the field of the telescope. The maximum and 
minimum positions of M, however, depend upon the values of the 
quantities a, b, and r. The values of a and r depend upon the initial 
adjustments, and the value of 6 would very likely be different for 
experiments performed at different times. 

If, then, no effort is made to control the values of these quantities, 
we must suppose that the maximum and minimum positions for a 
series of experiments will have an entirely random distribution. It 
will not be legitimate, therefore, simply to average the readings of a 
series of observations, as was done in the Michelson-Morley experi- 
ment. In fact, there would seem to be a high degree of probability 
that this procedure would lead to a quite small result in case it is 
applied to a large number of observations. 

[Professor Hedrick remarked at the end of his report that his 
results had been discussed by Professor Epstein from the physical 
point of view. This discussion has kindly been supplied for publica- 
tion here.| 
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V. PROFESSOR PAUL S. EPSTEIN (CALIFORNIA INSTITUTE 
OF TECHNOLOGY) 
The result of Professor Hedrick’s analysis is that the two beams 
of light acquire a difference of phase 


5—6’=hB cos 20 


and a difference in direction 


Aa=f? cos 2? (s=°), x 
\ ¢ s' 
in which terms of the fourth order are ot! 
neglected. 
Let us now choose the plane in which 
we observe the fringes as x=0 of a car- 
tesian system (Fig. 16). We can then rep- 








resent the two waves by the formulae 
(s=light-vector) Fic. 16 


s= A cos 


—— 


= (x cos a+y sin a+d)+| - 


s’=A cos 


x ( 


No 


Ty : ° 
x cos a’+y sin a! +c) +0'| ; 


The illumination of the screen is then (x=o0, sin a=a) 


i) 


T 


cos? 
r 
27 


(s+s’)?=4A? cos? 











y(a—a’)+5—0' 


y(a+ a')+ad+5-+8'| 
] 
= 2A? cos? y(a—a')+5—8'| ‘ 


nN 





We have maxima, where the argument of the cosine is a multiple 
of x. 
The position of the central fringe is therefore given by 


yo(a—a’)+6—5’=0, 


27 


ee. 56—6 . (1) 


27 a—a’ 
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The distance between two maxima, or the width of the fringes, 


is given by the equation 


27 / ca c/ 
" Ay(a—a’)+6—6'=7, 
or 
nr—(d—6' 
ie? * (2) 
a~@ 27 
Let us first consider the interferometer at rest. We cannot take 
the ideal adjustment, because then we should have no fringes. 
Formula (2) shows that we must have a finite difference a,— aj in 
order to get a finite width of fringes. This width is of the order of 
I mm, so that (6—6’=0) we have the order of magnitude 


= =2.5-10° 4. 
2Ay 21 


_ w 5*1075 
— 
In the actual experiment, we have in addition to a,—aj the 


rotation Aa: 
a—a’=a,—a,+Aa, 


r 5—6’ 
Y==— nail: i her eek. 
, 27 A—a,tAa 


The order of magnitude is 


(U ‘ 3*10° ¥ < g 
Aa=( cos 20 = ( ) cos 20=107—* cos 2? . 
7 


3 ‘s 10’ 


Therefore an expansion is permissible: 


6 / e c/ 
A / 6-5 6—6 
Y= _— —— Lei, 
27 \ Qo — Ao (ao— ay)? / 
A 6—6 Aa 
yj =— (1-— ,) ; 
° 28 Qo Qo Qo — Ay 


The first term represents the shift due to the difference of phase; 
the second term is due to the rotation. We see that it is 0.4- 1074 
of the first term, that is, quite outside the possibility of observation 
under the conditions of Michelson, Morley, and Miller’s experiment. 








CONFERENCE ON MICHELSON-MORLEY EXPERIMENT 385 
It is interesting that in the ideal case 


~ a 5—6’ _h hB? cos 20 _ MM 


ar Aa 2x B cos 20 21r 


_—— 


0 


That is, we have a constant position, independent of the orientation 
of the instrument. If Michelson had devised the experiment so as to 
have no fringes, but light in a certain position of the ideally adjusted 
interferometer, expecting to have darkness in another position, be- 
cause of the phase difference, the experiment would not have proved 
anything. 

Dr. Kennedy’s arrangement occupies an intermediate position. 
He takes fringes of considerably greater width. The width necessary 
to produce an appreciable error is about 250 cm, however, and it is 
quite certain that his fringes were not as wide as that. Professor 
Hedrick’s theory is, however, very interesting and important in con- 
nection with Kennedy’s experiment. 


VI. PROFESSOR PAUL S. EPSTEIN (CALIFORNIA INSTITUTE 
OF TECHNOLOGY) 

I cannot report to you today on anything of my own. What I 
intended was a short review of some recent experiments which relate 
to Mr. Miller’s experiment, and which have been performed mainly 
outside of Pasadena. 

I shall give you a brief account of three experiments, carried out 
by Tomaschek in Germany, by Chase in Pasadena, and by Piccard 
in Brussels. 

In one of his experiments Tomaschek used the following arrange- 
ment. In the immediate neighborhood of a charged condenser J 
(Fig. 17) was suspended a magnetic needle 77. The experiment was 
intended to check an old idea of R6ntgen’s which was as follows: 
The charged condenser, being in motion, represents a system of 
two parallel currents moving in opposite directions. These currents 
produce a magnetic field which should exert a force on the magnetic 
needle. In case the condenser is in motion relative to the ether, a 
deflection of the magnetic needle should be found. In reality this 
device cannot provide a crucial test for a decision between the old 
and the new theory. An exact analysis shows that both theories lead 
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to the same result because the effect is of the first order. The ex- 
planation why no effect exists lies in the fact that it is not the con- 
denser alone which moves, but also the indicating needle. This gives 
rise to a second torsional moment which just balances the first one. 
Moreover, Tomaschek tried the experiment with a metal cover 
around his needle. By this arrangement, cutting out all the magnetic 
actions between J and /7, he eliminated any effect which might have 
existed without shielding. So it is not surprising that he did not 
obtain a positive effect. He might indeed have saved his efforts by 
not trying the experiment at all. 

Tomaschek, and independently Mr. Chase in our laboratory, 
repeated the old experiment of Trouton and Noble, as they think, 
in a much more precise way. The underlying idea is the following: 
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Suppose J (Fig. 17) to be a charged condenser, suspended in such a 
way that it can rotate. For a condenser at rest there exists only a 
force of attraction between the two plates due to the charges of 
opposite sign. Now the apparatus being in motion with the velocity 
v (Fig. 18) means that the positive charge is moving in a magnetic 
field originated by the moving negative charge, and vice versa. 
Hence two additional forces are exerted on the condenser which 
would manifest themselves as a torque, so that a rotation of the 
condenser should be expected. It is easy to calculate this torque, M, 
which is 
wee (*) sin 20 cos ¢, 
€ \C, 

where U equals the energy content of condenser, € the dielectric 
constant of material .illing the condenser, and ¢ the azimuth 
characterizing the projection of v on the plane of the condenser in 
relation to the suspension. 
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The foregoing formula is derived on the assumption that the 
dielectric substance may be regarded as a continuum. The structure 
of e has not been taken into account; but the difference would not 
be appreciable. Both Tomaschek and Chase used not a single con- 
denser, but a great number of plates in order to obtain a large 
capacity and thus have a large value for the electric energy. 

The torque is practically the same for both the classical theory 
and the theory of relativity, the difference arising only in some terms 
of the fourth order, which are of no practical importance. In spite 
of the existence of a torque, relativity contends that no effect can 
be observed at all. This follows because the torque is compensated in 
some way. The explanation of this peculiar fact is to be found in 
the tensor character of the mass in relativity. In this theory mass 
has a different value for accelerations in direction of the motion (m;) 
and at right angles (m;,) to it. The ratio of the masses is given by 
the expression 

my _ I 
mir 1—(v/c)?” 


In order to analyze the effect of the torque found above, we must 
divide the acting forces into two components, one in direction of the 
motion and one at right angles to it. The first component acts 
against the heavier mass m; and causes a relatively smaller accelera- 
tion than the second component. It thus happens that the two ac- 
celerations (as vectors) point to the center of gravity of the system 
(condenser) although the two forces do not. In this way the torque 
appears to be compensated in the end effect. Thus we see that the 
tensor character of mass is responsible for the lack of an effect. The 
Lorentz contraction has not to be taken into account at all. Even in 
case there were no Lorentz contraction, we should not obtain an 
effect on our condenser. If, however, an effect should really be 
observed it would be a contradiction of relativity, because the ratio 
m;/m:, is a direct consequence of this theory. Tomaschek and Chase 
both claim to be able to detect an uncompensated torque correspond- 
ing to a velocity of the earth of 4 km/sec. For lower velocities no 
deflection could be observed with their apparatus. This limit of 
precision is obtained by assuming the whole torque to be in action. 
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Now this assumption is not quite correct even from the standpoint 
of the classical theory. As the nuclei are of electrical constitution, 
we must in the classical theory also take into account a definite 
relation between the mass and the velocity of the nuclei. Consider- 
ing the nuclei as rigid spheres, for instance (Abraham), we should 
find 

m, _ 1/(1— 8?) 


my 1/(1— #8?) ° 


If we use this formula, the torque will be compensated in part, but 
not completely as in relativity. It can easily be seen from the formula 
that 20 per cent of the calculated torque would manifest itself as 
deflection. The minimum velocity which could be observed by 
Chase would then be 4V 5 km/sec., which brings us near to Miller’s 
value of 10 km/sec. Although interesting, these experiments cannot 
therefore decide either for or against Miller’s results. On this ac- 
count it would be of great value if they could be carried out with 
increased precision. 

Now some remarks about the experiment of Mr. A. Piccard at 
Brussels: Piccard thought that the height above the earth’s surface 
should be of influence on the effect Mr. Miller has found. (This is, 
in fact, a misunderstanding, because Mr. Miller does not claim any 
such effect.) If the ether drift may be supposed to be larger on 
Mount Wilson than at sea-level, it should be still larger in the free 
atmosphere. So Piccard tried the experiment in a balloon. His inter- 
ferometer had branches with an optical path 2.8 m long. The steady 
temperature was controlled by a thermostat. The balloon was ro- 
tated about a vertical axis by means of a propeller. A self-recording 
device was used, and ninety-six rotations were registered. The 
curves were analyzed harmonically, but it appeared that the thermo- 
stat had not functioned as expected. For this reason the accidental 
errors were too large (the probable error corresponded to a velocity 
of 7 km/sec.). All that Piccard claims, then, is that the drift in the 
free atmosphere at 2300 m altitude is not larger than on Mount 
Wilson. No further conclusions can be drawn from this experiment. 

| Note added A pril, 1928.—Both C. T. Chase and A. Piccard have 
continued their work during the year intervening since the foregoing 
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report was presented. Chase,’ working at Harvard University, in- 
creased the accuracy of his measurements about three times. Even 
taking into account the factor 1/5 mentioned above, his new ap- 
paratus could have detected an ether-drift velocity of 3 km/sec. 
Within this accuracy his results were negative, thus giving strong 
support to the theory of relativity. The most accurate and recent 
work of Piccard’s was carried out by him, jointly with E. Stahel,? on 
the summit of the Rigi in Switzerland (altitude, 1800 m). The same 
self-recording interferometer with thermostatic temperature control 
was used. The results were completely negative, the ether drift 
being only one-fortieth part of that expected according to Miller.| 


DISCUSSION 

[Dr. Walter S. Adams, director of the Observatory, opened the 
discussion, expressing his hope that Professor Lorentz and Pro- 
fessor Michelson would give their opinions in regard to the con- 
siderations of Righi and Hedrick.| 

PROFESSOR H. A. LORENTz: I feel somewhat guilty in regard to 
the work of Righi. It was a long time ago that I read his papers, and 
I do not remember their contents very well, as I have been busy with 
quite different things these last years. I should have read them again 
of course for this meeting. But this good intention could not be 
materialized because of my being entertained so much by the people 
of Pasadena. After having heard Mr. Hedrick’s report, I intend, 
however, to study these questions again very carefully in relation to 
Mr. Miller’s experiment. Further, the considerations of Brylinski 
must be taken up again. Offhand, I can only say that the results of 
Mr. Hedrick are in contradiction with those which I presented yes- 
terday. Until today I felt myself quite satisfied with the considera- 
tions which are based on Fermat’s principle. After Mr. Hedrick’s 
report, however, I shall have to reconsider these questions carefully. 
According to Mr. Hedrick’s results it appears, indeed, that the 
result to be expected in the Michelson-Morley experiment may be 
numerically different from that which we ordinarily expect on the 
basis of the classical theory. The numerical value of the second- 
* Physical Review, 30, 516, 1927. 
2 Die Naturwissenschaften, 16, 25, 1928. 
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order effect would be different from that which Michelson calculated. 
My procedure seems to me still to be the easiest and most straight- 
forward one. Still it must be found out where the discrepancy be- 
tween the two ways lies. In case a method other than Fermat’s is 
chosen, one has to do considerable work. One must distinguish, for in- 
stance, very carefully between the rays of light and the normals to 
the wave trains. Another difficult point is involved in the treatment 
of the reflection from moving mirrors. Fermat’s principle, of which 
I have made use, gives in any case a much simpler treatment. But 
as there exists a discrepancy between the results obtained by the 
two methods, I intend to go through the detailed calculations as 
soon as possible. In the meantime I still hope, of course, that my 
general considerations are right. 

I should now like to make some remarks on Mr. Miller’s experi- 
ment. It seems to me that there is a serious problem connected with 
the effect which is periodic for a full turn of the apparatus and which 
is discarded by Mr. Miller, who emphasizes the importance of the 
half-period effect (periodic with half-turns of the apparatus) in re- 
gard to the question of an ether drift. In many cases the full-period 
effect is much larger than the half-period effect. According to Mr. 
Miller, the full-period effect is dependent on the width of the fringes 
and would become zero for infinitely wide fringes. 

Although Mr. Miller says that he was able to eliminate this 
effect to a great extent in his Cleveland measurements, and that it 
is to be explained easily by the experimental arrangement, I should 
like to understand its cause somewhat more clearly. Speaking now 
for a moment as an adherent of the relativity theory, I should con- 
tend that no such effect whatever could exist. Indeed, a rotation of 
the entire apparatus as a whole, the source of light included, should 
not give any shift at all from the standpoint of relativity. No effect 
would be expected were the earth and the apparatus at rest. Ac- 
cording to Einstein, then, the same absence of an effect is to be 
expected for the moving earth. The full-period effect is thus in con- 
tradiction with the theory of relativity and of main importance. If 
then Mr. Miller has found some systematic effects whose existence 
cannot be denied, it is also important to know the cause for the full- 
period effect. 
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Let us discuss now the half-period effect. After having seen the 
different diagrams I think there can hardly exist any doubt that 
there is an actual displacement of the fringes with Mr. Miller’s set- 
up. There arises, then, the question as to its possible cause. Mr. 
Miller himself has offered some suggestions which are very inter- 
esting. His conclusion is that the effect found corresponds to an 
absolute velocity of 10 km/sec. and for a definite sidereal time is the 
same throughout the year. It is certainly not connected with the 
orbital motion of the earth, but indicates a motion of the solar 
system relative to the stellar system of the same kind as found by 
Mr. Strémberg from a quite different point of view. The velocity 
of this motion is estimated to be at least 200 km/sec. For some 
reason or other, the full relative velocity between ether and earth 
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does not come into action. Otherwise, one cannot account for the 
lack of an effect related to the orbital motion of the earth. There is, 
however, the following point to be mentioned. One could assume 
as Mr. Miller does that the entrainment is only partial, because the 
earth, for instance, is not completely impermeable to the ether. 
But then the following consideration would have to be taken into 
account. Suppose w to be the velocity of the earth relative to the 
ether (which is at rest at C). Then if the ether behaves as an ideal 
fluid, there will be a relative velocity in it at A with respect to B 
amounting to w/z. Miller accounts for the daily variation in ampli- 
tude of his effect, in a way which is immediately understood from 
Figure 20. According to the consideration given above, however, w 
could not be considered as a vector of constant length but would it- 
self vary during one day. This would of course make the interpreta- 
tion of the drift more complicated. 
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As to the average displacement of the azimuth to the west (50°), 
it seems to be very hard to explain. Fortunately, however, it also 
changes about this position periodically with sidereal time. Other- 
wise, one could hardly escape the suspicion that the whole effect 
might be due to some cause in the laboratory. 

Now some words about Piccard’s experiment: I saw the fringes 
in his laboratory, and they were extremely nice indeed. As a matter 
of fact, Piccard considers his experiments only preliminary ones, 
which he hopes still to improve considerably. He worked the first 
time under very unfavorable conditions, as the night of his first 
ascent was unusually warm. I might mention, just for general inter- 
est, that such observations as Piccard’s are very exhausting. Those 
of Mr. Miller are, too, of course. Piccard told me that he did not 
notice any physiological effect in the turning balloon due to centrif- 
ugal force; but motions in the vertical direction, nodding the head, 
for instance, were very painful, because of the effect of Corioli’s force. 

PROFESSOR A. A. MICHELSON: There are one or two questions 
which I should like to ask. Did Mr. Miller put his results together 
with the intention of finding an orbital effect (effect due to the 
motion of the earth in its orbit around the sun)? 

Proressor D. C. MILLER: Certainly. It was for this purpose 
that the observations were made at four epochs, approximately at 
intervals of three months; so that the direction of the orbital com- 
ponent of motion changes about 90° from epoch to epoch. The ob- 
servations for each epoch have been reduced to determine the actual 
resultant motion for that epoch. The apex of the motion indicated 
by all the observations is near the pole of the ecliptic, and hence the 
orbital motion would manifest itself in a change in the position of 
this apex from epoch to epoch; that is, it would produce a sort of 
annual aberration in the apex. A comparison of the results for the 
four epochs fails to show conclusive evidence of this effect. I hope, 
however, that when several sets of observations for each epoch are 
available, the effect of the orbital motion may be evident. The 
positive effect actually obtained corresponds to a relative motion 
of the earth and ether of about 10 km/sec., with a probable error 
of } km/sec. It follows that the effect of the orbital motion on the 
observed resultant velocity must therefore be less than 4 km/sec. 
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MICHELSON: What is the probable error for this } km/sec.? 

MittER: This 3 km/sec. is itself the probable-error in the 
measurement of the magnitude of the effect, as determined from 
the calculations. Since no effect has yet been detected which can 
positively be attributed to the orbital motion one can only say that 
such an effect, if present, must be less than $ km/sec. 

MICHELSON: Excuse me if I insist on this point. This estima- 
tion of the probable error is based on an interpretation of the experi- 
ments which does not intend to find the effect of the motion of the 
earth at all. Can you not find the probable error in discussing the 
observations from the point of view of finding the orbital motion? 

MILLER: I have not calculated the error from such a point of 
view. 

MICHELSON: It would, however, be possible to do so. I should 
really like to see such calculations carried out. 

Had I known earlier of the beautiful and ingenious apparatus of 
Mr. Kennedy, I probably should not have undertaken my experi- 
ments now going on in the same form. In any case, the problem in 
question must be investigated further. Even a more precise repeti- 
tion of experiments with older devices already used will be of great 
value for the reliability of the results. We have now to find out 
definitely what actually is the truth, without going at it with any 
prejudice. 

I am happy in respect to Mr. Kennedy’s experiment that I had 
the idea of this device, too. I also had intended to use the photo- 
metric comparison of the field produced by light which is reflected 
from a divided mirror, the two half-surfaces being at a distance of a 
fraction of a wave-length. But it did not occur to me that the 
separation could be made so nicely by sputtering. I intended to take 
the layer off by acids. The apparatus is indeed so beautiful that I 
should like to work with a similar device, in case Mr. Kennedy has 
no objections. 

As far as Mr. Piccard’s remarks are concerned (see Lorentz) I 
must say that every beginner thinks himself lucky if he is able to 
observe a shift of 1/20 of a fringe. It should be mentioned, however, 
that with some practice shifts of 1/100 can be measured, and that in 
very favorable cases even a shift of 1/1000 of a fringe may be ob- 
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served. For this purpose the fringes must be extremely black. We 
are sufficiently advanced with our new apparatus to show such 
fringes [the apparatus was on view in the laboratory]. The main 
thing, of course, is to eliminate all stray light, which comes especially 
from the silver-coated plate. The ordinary plate gives rise to reflec- 
tions at both surfaces. I now get rid of scattered light by this simple 
device illustrated in Figure 21, consisting of two prisms, with a half- 
silvered surface where they are in contact, oriented so that the 
incident light is not quite perpendicular to the face of the first prism. 
Very black fringes may be obtained by this combination of prisms. 
There are still some difficulties as to the separating surface which I 
hope to overcome, however, very shortly. Probably the precision 
will reach 1/1000 of a fringe. 
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I should like to make some remarks on the interpretation of Mr. 
Miller’s experiments. It seems to me to be very hard to explain 
them. Indeed, why should the ether be dragged along by the earth 
to the extent of 19/20 and not some other fraction? If this really 
occurs, then we must suppose that there will be a great difference 
between the drag on the surface of the earth and a thousand miles 
above it. There the drag would probably be zero. Assuming then, 
for illustration, some kind of an exponential decrease of drag with 
altitude we should expect a large difference between the shift at sea- 
level and on Mount Wilson. In this case another arrangement of 
apparatus could be used to observe the effect. Two rays of light 
could be sent around a vertically mounted rectangle (Fig. 22). A 
shift of several hundred fringes might then be expected. No shift, 
however, seems to exist, according to experiments made in the 
Ryerson Laboratory. 

To conclude, I might still mention some advantages of the new 
apparatus: (1) The fringes are very black. (2) The frame will be 
built of invar so as to make it very insensitive to changes of temper- 
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ature. (3) Photographic registration will be used so as to make con- 
tinuous readings possible. Thus recorded, the observations would be 
preserved and could be discussed later on, independently of the 
observer. These are the three points which represent a considerable 
improvement in comparison with the earlier apparatus. 

It may be of some interest to mention that originally another 
apparatus was planned; this, however, was abandoned and the 
present interferometer adopted. The arms were to be 100 m long. 
The apparatus could not be turned, but the moving earth would 
have brought it into different positions relative to the ether. We now 
intend to try this, and the experiment is in preparation at Chicago. 

LorENTz: In regard to the theoretical details raised by Dr. 
Michelson, I offer the following remarks: If the ether moves freely 
through matter, no such difficulties arise, as far as entrainment is 
concerned. If, on the other hand, we should be obliged by the facts 
to introduce a substantial ether again, it would, of course, be a very 
difficult problem to find out what its properties are. What would 
happen, for instance, in case matter should turn out to be only partly 
permeable for the ether, nobody can tell. For this reason the ques- 
tion about the ratio 19/20 could not well be raised before the prop- 
erties of the ether were better known. We can even leave open the 
possibility that the motion of the ether may be irrotational. In this 
case the ether drift would of course have a component normal to the 
surface of the earth, and it would be rather large. This might very 
well be the case, and the effect mentioned by Dr. Michelson would 
be null. The relative velocity of the ether drift might increase with 
increasing distance above the surface of the earth, and still have no 
rotation. This, for instance, is the case in Planck’s modification of 
Stokes’s theory. A further possibility would be a compressible ether. 
This would remove even the necessity of having an irrotational mo- 
tion of the ether. But it is sufficient for the present moment to point 
out that a motion of the ether with rot w=o would be sufficient to 
give a quantitative explanation of aberration phenomena and of 
Michelson’s result. I tell you all this only to show how numerous 
the different possibilities for the theory are, if we are compelled by 
new experiments to go back to the notion of a substantial ether. 

QUESTION TO Dr. KENNEDY: Your apparatus is so sensitive that 
it would detect a change in the optical path equal to 6/= 2-107 X. 
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Now this is not the sensitivity which you calculated theoretically. 
I should like to ask how you found this sensitivity. I do not ask this 
for myself, because I know how you have done it, but for the sake 
of the audience, because I think the method you applied is so very 
beautiful. Then I suggest also that you tell us if you could detect the 
orbital effect on the assumption of a drag of 19/20. 

Dr. R. J. KENNEDY: Answering first the second question, I 
think that the effect due to the orbital motion of the earth should be 
observable with my apparatus. 

As to the first question, I thought that the method of determin- 
ing 6/ was rather crude. A weight of 5—6 kg on the slab on which the 
apparatus was mounted produced a shift of one fringe. I determined 
the minimum weight (about 10 g.) which produced an effect just 
observable. The ratio of the two weights gives, then, 5//X. 

I might explain also that I got rid of the surplus scattered light, 
using a different method from that suggested by Professor Michelson 
for his new device. I used polarized light, impinging under the 
proper angle on the glass plate (Brewster’s angle) so that no light at 
all was reflected. [See description in Kennedy’s report. MICHELSON 
exclaims: ‘Very nice indeed.”| The method I used is not my own 
invention. It has been suggested somewhere in Comptes rendus 
(1911), if I remember rightly. 

The shift of azimuth (50° to the west) in Miller’s experiment 
seems to indicate that some spurious effect is present, dependent 
only on the position of the apparatus relative to the meridian, which 
shifts the azimuth of the whole effect to the west. The result must 
then be considered as a superposition of spurious effect and ether 
drift. This explanation would probably require a magnitude for the 
effect due to ether drift smaller than anything that could have been 
observed with the devices used. It might also explain, as I think, 
the difference between the results obtained by Mr. Miller and myself. 

Piccard’s experiment does not seem to be of great value. As far 
as I can make out, he worked just at a time of the day when hardly 
any effect was to be expected. 

Lorentz: I do not think that Kennedy’s last remark is quite 
right. Piccard really ascended at the time when the constellation 
of Hercules rose above the horizon. 

KENNEDY: Piccard ascended twice. Once, when the sidereal time 
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was right, his observations were spoiled by temperature effects. His 
errors were thirty times greater than the effect he was looking for. 
The second time he got rid of his errors, but there was no effect to 
be expected at the sidereal time chosen for this observation. 
Miter: I agree with Hedrick that the theory of the instrument 
used for the experiments should be thoroughly studied. The theory 
of Lorentz is exact; but it is general, and does not take into account the 
special conditions of the apparatus used. What actually happens to 
the fringes is dependent on the adjustment of the mirrors. When I be- 
came interested in the experiment in 1900, there existed no really 
adequate theory of the instrument. A theoretical study of the ap- 
paratus was then undertaken by W. M. Hicks, which was published 
in the Philosophical Magazine for January, 1902. We [Miller and 
Morley] thought it necessary to take up the question again, as Hicks 
had suggested that there was an additional term in the expression 
for the effect which had not previously been considered. This term 
represents an effect of appreciable magnitude, which is periodic in 
each full turn of the interferometer, while the ether-drift effect is 
periodic in each half-turn. In the Philosophical Magazine for May, 
1905, we gave a review of the theory, showing that Hicks’s calcula- 
tions did not affect the conclusions previously drawn. The full- 
period effect is actually present in the experiments of 1887, as well 
as in all those that have followed. In Comptes rendus, 168, 837, 1919, 
Righi began a series of articles, setting forth the theory in detail. 
He thought that our conclusions were not justified by the theory. 
It seems to me that Righi’s theory is correct in the abstract; but 
it does not deal with the actual things happening in the interferom- 
eter, as Hicks’s theory does. The question needs still further in- 
vestigation, as suggested by Professor Hedrick. Hicks’s theory takes 
into account the fact that in practice the image c (Fig. 23) of mirror 
a with regard to a is slightly oblique to mirror b. This is neces- 
sarily true when straight-line fringes of finite width are obtained. 
Righi’s calculations are based on the assumption that } and c are 
exactly parallel, which would produce fringes of infinite width; thus, 
his criticism does not apply to the actual case. When b and ¢ are 
oblique to each other, an actual ether drift will produce the addi- 
tional effect predicted by Hicks, which is periodic in a full turn of 
the apparatus. Hicks has calculated its magnitude, showing that it 
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depends on the angle between } and c. The effect increases with 
increasing angle and decreasing width of fringes. As the effect we 
are looking for (ether drift) must be periodic in each half-turn, we 
are justified in eliminating the full-period effect. This is done by 
plotting the single observations, turn by turn of the interferometer; 
these curves are analyzed by the mechanical harmonic analyzer, and 
the second harmonic (half-turn effect) is taken as representing the 
ether drift. If there is an ether-drift effect, the full-turn effect is 
2 necessarily produced, accord- 

a ing to Hicks, and its presence 

: may be taken as further evi- 
dence of the ether drift. The 
magnitude and phase of the 
full-period effect is variable, 
because it depends upon the 
adjustment of the mirrors as 
well as the ether drift. [Slides 
were shown representing the 
full-period effect.] It is evi- 
dent that the magnitude is 
very different for different sets 
of observations. The half-pe- 
riod effect, on the other hand, 
is characterized by a constant 
magnitude. The full-period effect is small when the width of the 
fringes is such that five of them cover the mirror (10 cm in diameter). 





Under other conditions, however, it may be very large. The full- 
period effect is not new, but has always been present in all the experi- 
ments. It is present in Professor Michelson’s original observations. 

KENNEDY: Are the effects the same in case you use a concrete 
frame instead of an iron frame? 

Miter: Yes, they are essentially the same. The concrete 
instrument showed smaller temperature effects than did the one 
with the steel frame, but its mechanical strength was also less. I 
have always used (as did Kennedy) the method of shifting the 
fringes by putting weights on the end of the frame; to produce a 
shift of one fringe, approximately 325 g was necessary. This is less 
than the corresponding weight in Dr. Kennedy’s apparatus, because 
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the arms of the frame are longer in my apparatus than in his. I 
should like to mention again that my experiments have been carried 
out under a great variety of conditions. My assistant moved around 
the apparatus to see if his position affected the distribution of 
temperature or the stability or level of the instrument. The light was 
placed in different positions, both inside and outside the house. At 
Mount Wilson, the instrument has been mounted in two different 
buildings, differently oriented. The effect has persisted throughout. 
After considering all the possible sources of error, there always re- 
mained a positive effect. 

ProFessor E. R. Heprick: Mathematically speaking there 
cannot be any question as to the correctness of the computations 
which Professor Lorentz has presented to us. The result for the 
second-order terms seems beyond question. It is conceivable, how- 
ever, that there is introduced an error when the path of the beam 
of light is changed by the motion of the apparatus into a new one. 
The instrument might not be always in the ideal position assumed 
in the calculations. 

I should like to call your attention to a second point. We start 
from a certain number of assumptions. Now our aim in mathematics 
is always to reduce the necessary number of assumptions to a 
minimum. We make use in this special case of the two principles of 
Huyghens and Fermat. Can we trust them to terms of the third 
order? We do not know. Might not a combination of third-order 
effects eventually affect the magnitude of the second-order effect? 
Anyhow, if we could reduce the number of physical principles in- 
volved in our calculations to a single one, it would be very desirable. 
That is what Righi and also I have attempted to do." 

LorENTz: I should like to defend my theory. Hedrick says we 
should try to reduce the number of our assumptions. Now the two 


* It should be stated clearly that the operations of differentiation and integration, 
freely used in these discussions, cannot be trusted to the extent that is often assumed. 
The derivative of an approximation to a true formula is not necessarily an approxima- 
tion to the derivative of the true formula. It is true also that the integrals to successive 
approximations to a true formula are not necessarily successive approximations to the 
integral of the true formula, unless the successive approximations are uniform. These 
conditions cannot be said to hold in such fine approximations as those of the Michel- 
son experiment. Therefore it has seemed to us, and it still seems to us, to be necessary 
to proceed by direct calculations from definitely stated assumptions, rather than 
through an intermediate proof (e.g., Fermat’s principle) that is thus questionable. 
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principles of Huyghens and Fermat are not independent. The second 
may be deduced from the first. It is easy to prove that this is true. 
There is then no question of having two assumptions. 

Heprick: Is this really generally true? 

LorENTz: Yes; the relation between Huyghens’ principle and 
Fermat’s principle is absolutely general. I might repeat more pre- 
cisely some of the features of the reasoning I gave yesterday. 

Suppose P (Fig. 5) to be a luminous point. (The difficulties 
might of course begin here, if we were obliged to state exactly what 
we mean by this.) Suppose, further, that rot w=o, which is Fresnel’s 
idea. Making use of Fresnel’s coefficient and entrainment, we find 
the influence of a motion of the apparatus on effects of the first order 
to be the same for each of the paths /, and J,. 

There is still one point to be considered which I did not mention 
before. If we take into account effects of the second order, the 
path of the rays will be changed by the motion of the apparatus, so 
that we should have to use in one moment / and in the next /’. Still 
I think that for the effects under consideration it does not make any 
difference which one we take. [HEDRICK remarks: ‘Yes, that is all 
right.’’] It can easily be seen that the difference between / and 1’ 
produces only an effect of the fourth order. We are thus justified in 
using the path existing without motion of the ether. 

Of course the value of the light-path / must be exact to the second 
order. For those cases in which we are concerned with the propaga- 
tion in ether only, this value follows from the expression for v 
(velocity of light in the moving system): 

= ="Jy ee cos 64 (cos? 3+ 3 sin? d)} . 

vi Cc 
[See expression (3) in Report II.] But the question arises, and this is 
what I wanted to add, what will be the form of the equation when we 
deal with light passing through the moving glass plates? In this case 
w*/c? would be replaced by k? w?/c?, where 1 —k = (n? —1)/n? is Fres- 
nel’s coefficient. Now this value for k might not be quite rigorous in 
this connection. The expression wkd? due to the entrainment by mat- 
ter might be doubted if terms of the second order are to be considered. 
This indeed might necessitate a change of magnitude for these 
second-order effects. It is to be remarked, however, that the dis- 
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tances through which the light travels in glass in Michelson’s experi- 
ment are comparatively so small, and that practically they cannot 
give rise to any difficulty at all. For ali these reasons I think that the 
theory which I presented is general, and, at the same time of exact 
applicability to the actual instrument. In any case, I intend to study 
all the recent work such as Mr. Hedrick’s. 

Dr. G. STROMBERG: 
space” is 20 km/sec. toward the point a=270°, 6=+30°. This ex- 
pression is quite inadequate and means that the sun’s motion 
referred to the brighter stars is of this magnitude and direction. 
Referred to distant objects, this velocity is much greater. The sun’s 
velocity relative to the system of globular star clusters is about 
300 km/sec. in the direction a= 320°, 6= +65°, and relative to the 
spiral nebulae it may be even larger, although in about the same 


direction. 


It is often said that the sun’s motion ‘ 


As the bigger reference frame is, presumably, the more funda- 
mental, the higher velocity may also be of more fundamental nature. 

And this is just what has been found to be the case. The sun’s 
motion as referred to different classes of objects in our neighborhood 
is quite different, and the general rule has been established that the 
higher the internal velocity dispersion in a group, the larger is the 
sun’s motion relative to this group. Practically all celestial objects 


can be arranged in a sequence with increasing velocity dispersion, 


and moving with different velocity along a certain axis. This se- 


quence terminates with the globular clusters, and a quadratic rela- 


tionship exists between group motion along a certain axis and the 


velocity dispersion along the same axis. This phenomenon can, at 


least formally, be explained as the effect of a velocity restriction in a 


fundamental reference frame in which the globular star clusters are 


statistically at rest. 

Recent studies of the velocities of giant M stars have completely 
confirmed this hypothesis. In fact, it has been found possible to 
represent the velocity distribution along this fundamental axis in a 


much more satisfactory way by one disposable constant, in addition 
to this fundamental velocity vector, than by four arbitrary constants, 


as in the prevalent methods. 
In stellar motions we have to introduce a fundamental velocity 


vector of 300 km/sec. in the direction mentioned in order to secure 
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order and regularity. This implies the existence of a “‘fundamental”’ 
reference frame, or ‘“medium,” or “‘ether,’’ whatever we prefer to call 
it. The introduction of such a conception has been of great value in 
the study of stellar motions. 

PRoFESSOR H. BATEMAN: The Michelson-Morley experiment 
may be regarded as a test of the laws of reflection by a moving mirror. 
For the general case in which the source of light is moving relative 
to the earth, the question resolves itself into two: (1) Is the image 
of a moving point source of light a single moving point source of 
light as in the classical electromagnetic theory? (2) Are the space- 
time co-ordinates of a point source and its image connected by the 
relations 


: ; 2u 
x’ =x— (x— ut) t=t— = (x—ut) , 


2 


a ol C— 


y=y 2'=2 (u= velocity of mirror) , 


of the classical electromagnetic theory and the theory of relativity? 

On the assumption that the first question is to be answered in 
the affirmative, various modifications of the equations connecting 
the space-time co-ordinates of a point source and its image might be 
tried on the arrangements of mirrors in the Michelson-Morley 
experiment. The interference fringes may in each case be regarded 
as the fringes produced by light coming directly from certain image 
sources and traveling in accordance with certain assumed laws of 
propagation which are also under test. The general problem is still 
more complicated by the contraction of the apparatus. The first 
question of the sharpness of the image of a point source which is 
moving relative to the mirror is difficult to settle experimentally on 
account of the lack of point sources of light moving at a high speed 
and at some distance from the earth. The velocity of a shooting 
star may be forty-five miles a second, but this is probably too small 
for the production of lack of sharpness in the image. 


Director Adams closed the conference, thanking all the speakers 
for their contributions. 
CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILtson OBSERVATORY 
April 1928 




















ON A NEW MACHINE FOR MEASURING DISPLACEMENTS 
ON STELLAR SPECTROGRAMS 
By MAURICE HAMY 
ABSTRACT 


This new machine, applying Hartmann’s method of comparing a stellar spectro- 
gram with one of the sun, is so arranged that the very narrow stellar spectrum can be meas- 
ured and need not be widened during the exposure. When only one side of the machine 
is used, the ordinary method of reduction can be followed. 

By modifying an old measuring machine, originally constructed 
for the work of the Carte du Ciel, I had been previously able to 
employ the Hartmann method by which a stellar spectrogram can 
be directly compared to a solar spectrogram, both plates being taken 
with the same spectrograph and having the same comparison lines, 
the solar spectrum being considerably wider than the stellar. In this 
first machine the stellar spectrogram is supported by S,, the solar 
plate by S,, which can be moved in the direction of dispersion by the 
screw v. Close to the spectrograms are placed the frames C, and C,, 
with parallel and very straight brass wires. The spaces between 
these wires form the longitudinal windows through which strips of 
the two spectra are visible. The thickness of the wires and their 
distance apart are computed in such a way as to make the two frames 
complementary; the interstices between the wires of one frame 
are equal to the thickness of the wires of the other and vice versa. 
The instrument is provided with an optical system which makes it 
possible to see simultaneously the images of the two strips of the 
spectrograms, admitted through the frames in the field of a micro- 
scope M. The essential part of this optical system is a doubly reflect- 
ing prism pp’, consisting of two rectangular total-reflection prisms 
p and p’. One of the faces of the prism # is slightly silvered and 
cemented to the hypotenuse of the other prism p’, as shown in the 
figure. The rays coming from the windows of the frame C, fall on 
the lower part of the vertical hypotenuse of the prism , are totally 
reflected on the unsilvered face of this prism, pass through the partial 
silvering of the cemented face, then through the prism 9’, and finally 
enter the microscope. The rays coming from the windows of the 
403 
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frame C, fall on the vertical face of the prism p’, are partially reflect- 
ed on the light silvering, then leave the prism and enter the micro- 
scope. The double prism pp’ is mounted in such a way that it can 
be rotated around the axis of the microscope and also around an axis 
d, normal to the unsilvered face of the prism p. These two motions 
are necessary for the correct orientation of the images of the windows 
of the frames C, and C,, formed in the field of the microscope M. 

To apply the method of Hartmann with this instrument we pro- 
ceed as follows. The stellar spectrogram is mounted on the support 
S,, and the solar plate on S,. When the axes of symmetry of the 
images of the two spectrograms and of the corresponding frames 
are brought to coincidence in the field of the microscope by appro- 
priate adjustments, they appear as follows: the central band, con- 
taining the image of the stellar spectrum itself, is bordered by two 
symmetrical bands of the solar spectrum, accompanied by the inner 
ends of the comparison lines of the solar plate. The bands adjacent 
to these, away from the axis of symmetry, are images of segments 
of comparison lines of the stellar plate. Then follow bands of the 
images of segments of solar comparison lines. The displacement of 
the stellar lines, with respect to the corresponding solar lines, is 
measured by first aligning the lines common to the stellar and solar 
spectrum, then by bringing to coincidence the comparison lines; the 
difference of the two readings on the drum of the micrometric screw 
v gives the value of the displacement. 

In the application of this method, the width of the central win- 
dow of the frame C, should be sufficiently reduced to mask the wid- 
ened ends of the stellar lines, which are making the alignment with 
the solar lines difficult. On the other hand, the precision of these 
alignments decreases with the width of the window. To satisfy these 
contradictory conditions, I have been led to add new parts to the 
machine described above, so as to be able to measure even the nar- 
rowest stellar spectrum with all the desirable ease and precision. 
This permits the shortening of the time of exposure to a minimum. 

The new machine consists of the supports S, and S,, the frames 
C, and C,, the optical system pp’ and M of the old one. The central 
window of the frame C, has, however, a fixed width, independent of 
the individual spectrograms, and sufficient for the easy alignment of 
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the segments of the stellar lines with adjacent segments of the solar 
lines. This particular feature is very important. The measured stel- 
lar spectrogram is not placed on the support S,, but is attached to 
an auxiliary support S{, provided with a frame C{, parallel to C,, and 
whose central window is narrow enough to mask the widened ends 
of stellar spectrum. The two other windows of Cj are slightly wider 
than the corresponding windows of the frame C,, the distance of the 
axes of the windows remaining the same in both frames. 

The frame C{ and the stellar spectrogram divided by it in longi- 
tudinal bands are projected, without enlargement, on the frame C,, 
in such a way that the longitudinal axes of the windows of both 
frames coincide. In the field of the microscope appears the image of 
the central window of the frame C{, the segments of the stellar 
spectrum occupying the central strip of the image of the wider cen- 
tral window of the frame C,. The images of the segments of the 
comparison lines of the stellar spectrogram fill the images of the two 
remaining windows of the same frame C,. 

The objective O which projects the image and is free from distor- 
tion, is fixed to the end of one prong of a tuning fork D, kept in 
vibration by an electromagnet; the second branch of the fork sup- 
ports a counterweight. When the tuning fork vibrates, the objective 
is moving at right angles with the dispersion of the spectrograms. 
The images of the segments of the stellar lines, projected on the 
frame C,, are drawn out and fill the whole width of the central 
window of the frame C,, if the amplitude of the vibrations is correctly 
adjusted. The images of the segments of the comparison lines of the 
stellar plate fill the two remaining windows, as with the stationary 
objective, of the frame C,. For the observer looking through the 
microscope the arrangement is therefore equivalent to the mounting 
of the stellar plate in the frame C,, with the stellar lines occupying 
the whole width of the central window of that frame. As explained 
above, the measurements are made without the disturbance of the 
grain of the film of the stellar plate, which is eliminated by the 
rapid vibrations of the tuning fork. 

The supports S,, S,, S{, mounted on the same carriage P, can 
be moved together, letting the different regions of the spectrograms 
appear in the microscope, which is fixed on the framework of the 

















A NEW MEASURING MACHINE 407 


machine, as are also the double prism pp’ and the support of the 
tuning fork D. On the same framework is installed an erecting sys- 
tem R of prism binoculars, the vibrating objective alone projecting 
an inverted image of the stellar spectrograms on the frame C,. 

The machine is provided with numerous parts and devices for 
adjustment, which need not be described here in detail. A complete 
description will be published in the Bulletin astronomique and the 
Revue d’ optique theorique et instrumentale. 

To obtain data on the precision attainable with this instrument 
in the case of a measurement, by the method of comparison, of a 
narrow stellar spectrum, I have replaced the stellar plate by a solar 
spectrogram having a width reduced to 0.1 mm. I have compared it 
with another solar spectrogram mounted on the support S,. The 
exact values of the radial velocities of the sun were known from 
computations, so that the difference corresponding to the two plates 
was well established. 

The results derived from computation and from the comparison 
of the spectra on the measuring machine were in complete agree- 
ment, within the limits expected. 

It is possible, however, to use spectra narrower than o.1 mm. 
The problem is then to obtain the right intensity of illumination of 
the frame C}, and is easily solved with modern electric lamps. 


OBSERVATOIRE DE PARIS 














THE SPECTRUM AND RADIAL-VELOCITY 
VARIATION OF RU CAMELOPARDALITS' 
By ROSCOE F. SANFORD 


ABSTRACT 


Light-elements.—Fifty-seven epochs of light minimum covering an interval of 
thirty-five years are satisfactorily represented by the formula 


Minimum=J.D. 2417611 .054+2241622E (G.M.A.T.) . 


Velocity-curve-—Twenty-four slit spectrograms were obtained between 1919 and 
1928. The plot of the measured velocities against phases, computed by means of the 
foregoing formula, shows that the velocity oscillates periodically with the light through 
a total range of about 30 km/sec. The interval from velocity maximum to velocity 
minimum is 15+ days, which is considerably more than half the period. Minimum and 
maximum light correspond closely to the epochs of the y velocity on the rising and 
falling branches of the velocity-curve, and maximum and minimum velocity occur near 
the epoch of median magnitude on the rising and falling branches of the light-curve. 
The usual correspondence between velocity- and light-curves for Cepheids does not 
hold for RU Camelopardalis. 

If the radial-velocity variation is interpreted as the result of a symmetrical pulsa- 
tion of a spherical star, maximum light synchronizes with minimum diameter and mini- 
mum light with maximum diameter. 

Spectrum.—The spectrum passes through three clearly recognizable stages: (1) 
class Roe with emission lines of hydrogen, phase 343-643, which is near median magni- 
tude on the rising branch of the light-curve and at velocity maximum; (2) class Ko with 
hydrogen lines in absorption, phase 848-1340, which is about symmetrical to light 
maximum; (3) class Ro, with hydrogen lines still in absorption, over the remainder of 
the period, which includes the epoch of light minimum. 

Possible explanation.—The relations between the light- and velocity-curves of 
RU Camelopardalis at the four crucial phases of maxima and minima for these curves 
would be explained were it possible to assume that the star is spheroidal, with the axis of 
rotation pointed toward the earth, and that it oscillates with no volume change through 
varying degrees of oblateness. 


THE LIGHT-CURVE 

The variability of the star, B.D.+69°417 was first detected by 
Mme Ceraski’ in 1907 from an examination of plates taken by M. S. 
Blazko between 1899 and 1906. Shortly after, Blazko’ derived its 
magnitudes from these plates and concluded that the star varies 
from 8.0 to 9.1 mag. in a period of 22427, and with M—m=945.) Sev- 
eral series of observations of the light of this variable (designated RU 
Camelopardalis) have been made. Especially important are those 

t Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 372. 

2 Astronomische Nachrichten, 174, 80, 1907. 3 [bid., 175, 327, 1907. 
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by Luizet,’ Ichinohe,? Shapley, Haas,‘ Silva,’ and Leiner.® All 
except Haas and Leiner have published curves derived from their 
observations. Luizet and Ichinohe have indicated a very slight sec- 
ondary minimum about midway between primary minima, while the 
other two have preferred to draw curves of continuous variation. 
It seems to the writer that the former might well have done like- 
wise. In that case three of the four curves would have been nearly 
alike in shape with M—m equal to 9 or 1odays. Shapley’s curve dif- 
fers somewhat in having M—~#: equal to one-half the period.» The 
work of Haas, Silva, and Leiner carries the photometric observations 
to 1923 and makes it desirable to readjust the formula for minimum 
light. 

Luizet, Shapley, and Silva have given the dates of minimum in- 
dicated by their observations. Ichinohe has not done this, but his 
results agree with those of Luizet, and so need not be considered 
separately.(Dates for minimum light have been derived by the 
writer from the observations of Haas and Leiner. In addition, three 
earlier dates are known when this star appeared to be unusually 
faint. 

( Table I gives the Julian Day in Greenwich Mean Astronomical 
Time for the fifty-four observed minima and for the three early 
dates. The residuals obtained by comparing these fifty-seven dates 
with those given by Luizet’s formula (Minimum = J.D. 2417610.96 
+224172E (G.M.A.T.) indicate that his formula needs revision. 
Slight modifications by trial and error were made in both epoch and 
period; in the first, in order to give a mean residual of zero for Nos. 
4-29 in Table I, and in the second, to accomplish a like result for 
the last ten entries. The modified formula is 

Minimum =J.D. 2417611.054+22%91622 E (G.M.A.T.) . 


The residuals are in the fourth column of Table I.) Those for Nos. 4- 
57, inclusive, are little, if any, larger than residuals given by for- 


t Ibid., p. 332; 193, 83, 1912. 2 [Tbid., 180, 363, 1900. 

3 Laws Observatory Bulletins, 2, 71 (No. 21), 1913. Discussion based on observa- 
tions by Seares, Haynes, and Shapley. 

4 Astronomische Nachrichten, 220, 342, 1924. 

5 Societa Astronomica Italiana, Memorie, N.S., 2, 191, 1922. 


6 Astronomische Nachrichten, 219, 207, 1923. 
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mulae derived from considerably shorter intervals. In addition, 
those for the three epochs when the star was unusually faint—in 
1888, 1894, and 1896—are, at the worst, little in excess of one day. 
‘Since all known minima are accounted for over an interval of thirty- 


TABLE I 


MINIMA FOR RU CAMELOPARDALIS* 


No. J.D. (G.M.A.T E } O-C No. \J.D (G.M.A.T, E O-C 
e:.. | 2410675 | —313 | +097 30.....| 2418519.00 41 —ot70 
ae 2868 —214 —©.3 | 86.70 44 + .51 
: 3601 | 262 | 2.3 | eee 8741.90 SI | +r .§7 
4.. 7676.5 | 3 | —2.04 |] 33..... 63.20 52 | —0.29 
ae 99.0 4 | —0.70 |] 34.....] 86.90 53. | +1.25 
6 7722.0 5 | + .14 ee 8940.00 60 —0.79 
oe 44.0 6 | — .03 il 90.... 63.00 6r | + .05 
ee 66.3 » | oor ae. QO5I.90 65 | +o 30 
are 88 .2 § | — .15 || 38.....| 74.80 66 | +1.04 
Oink 7855.1 rr | + .26 || 39.....| 9140.70 69 | +0.45 
: eee 7943.6 | 15 + .t2 i] 4.... 9229.60 | 73 | + -70 
\ 7966.0 ‘| 16 | + .35 |] 4%..... 52.00 | 74 | + .04 
, ae 8010.8 18 | + .83 || 42..... 9339.80 | 78 | + .10 
ee, S32 19 ~~ 6 Tl B8s6<0. 9450.40 | S35 | —30.%2 
es 54.3 | 20 | eS 74.40 | 84 | +1.72 
er 77.0 | ar oj rr ..Se ae 96.90 85 | +2.06 
ey 99.0 | 22 | + .35 |] 40.....] 9539.70 | 87 | +0.54 
- fae 8121.1 | 23. | + .32 || 47.....| 2420493 .32 130 | +1.18 
eee 43.0 | a4 | + .O5 68... 2487.40 220 | +0.66 
sors: 8364.5 24 6d] lh — «.0O7 Il 40..... | 2576.40 224 | +1.01 
ae 87.4 | 35 | + .67 |] g0..... 2641.75 | 227 | —o.12 
ee 7655.20 | a Goede ge verre 2818.60 | 235 — .57 
en 99.10 | 4 — .60 || 52..... 41.70} 236 | + .37 
— Seer, 7743 -80 | e+ = ae 2907 .80 239 | — .02 
ae 67.00 | 7 + .81 54 30.10 240 | + .I2 
ee 8121.40 | 2: +0.62 || 55 3129.35 | 249 | —0.09 
39... vol 44.60 | 24 | +1.65 || 56. 3283.40 | 256 | —1.18 
eee 8232.00 | 28 | +0.40 |] 57..... | 61.70 255 | —0.72 
ee 8364.50 34 | —0.07 





* Sources for data: 
Minima Nos. 1, 2, 3, Astronomische Nachrichten, 174, 80, 1907. 
21, Haynes, Laws Observatory Bulletins, 2, 71, 1913 
47, Luizet, Astronomische Nachrichten, 193, 83, 1912. 
48-56, Leiner, ibid., 219, 207, 1923. 
57, Haas, ibid., 220, 342, 1923. 
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five years, the foregoing formula for light minimum has been 
adopted. 

Silva’ has published the four curves from the observations of 
Ichinohe, Luizet, Shapley, and himself. he curve at the bottom 
of Figure 1 is based on Leiner’s observations, which have been 


1 Op. cit., 2, 201, 1922. 
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grouped into normal places covering phase-intervals of one-half day, 
the phases being reckoned by the adopted formula. All curves agree 
in showing a sharp minimum, a blunt maximum, and a variation 
that is probably continuous. ) 

The shape of the light-curve presents some difficulties. Shapley" 
has interpreted it as the result of an ellipsoidal star in revolution on 
its minor axis, which, for i=go°, would be 42 per cent of the major 
axis in the case of uniform brightness, or 62 per cent for complete 
darkening at the limb. Others have classified RU Camelopardalis 
as a Cepheid variable. 


SPECTRUM AND RADIAL VELOCITY 


The Henry Draper Catalogue contains the remark, ‘‘The spec- 
trum varies. At maximum it is Ko, having a wide absorption band 
near. the wave length 4227. At minimum it is of Class Ro.’ _ 

Observations with slit spectrographs were made at this Observa- 
tory) from February, 1919, to May, 1928.\The faintness and late 
spectral type of RU Camelopardalis, especially at minimum, make 
it at best a difficult object for spectrographic observation. Further- 
more, it is too far north to be reached with the 1oo-inch reflector. 
It was necessary, therefore, to use the 60-inch reflector and a one- 
prism spectrograph with a short-focus camera giving a dispersion 
of 74 A per millimeter at Hy. The data for the twenty-four usable 
spectrograms are given in Table II. The velocities in each case are 
means of at least two measures, usually one with the Gaertner 
micrometer measuring machine and one with the Hartmann spec- 
trocomparator. 

The thirty-five-year interval during which light minima are rep- 
resented by the adopted formula overlaps nearly one-half of the 
interval covered by the spectrograms. The formula should there- 
fore give reliable phases for the spectrograms, to be used in finding 
the relation of the velocity- and light-curves. These phases appear 
in Table IL) 

The change in spectral type mentioned in the Henry Draper 
Catalogue is certainly present. Some of the slit spectrograms show 
another spectral distinction in that emission lines of hydrogen ap- 


t Op. cit., 2, 82 (No. 21), 1913. 
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pear on a spectrum of class Ro. These are designated by Roe in 
Table II. For the two other types observed, Ko and Ro, the hydro- 
gen lines are in absorption. 

The top of Figure 1 shows the radial velocities plotted against 
phase. The phase durations for the three spectral classes are de- 
noted by horizontal lines between bracketsjand shown below. 


TABLE II 


OBSERVATIONS OF RU CAMELOPARDALIS 





Plate No. Date G.M.A.T. Phase Vel Type 
> Ore... ....-| 1919 Feb. 13 19" 20™ 44636 — 8.9 Roe 
ee Mar.17 | 10 §5 14.498 aso | Ro 
ee Aor. 9 | 16 55 38] ES.450 | 30.8 Ro 
8122 diene Apr. 20 19 35 | 4.160 | 14.6 | Roe 
12247...........| 1923 Oct. 28 2345 | 16.331 31.3 | Ro 
a ae Oct. 29 | 23 52 | 17.335 36.1 | Ro 
$96TS. 2k. 2s. 3s | BORE FOR. 16 | St 20 6|Ce.ReO | 24.2 Ko 
Te Jan. 19 | 1740 | 10.428 | 30.4 | Ko 
er Feb. 18 | 18 22 18.206 33-4 | Ro 
ee ” Feb. 19 | I9 12 19.330 | 28.7 | Ro 
Z260S......... Feb. 20 | 16 30 20.218 | 30.1 | Ro 
eS eee Oct. 18 | 0 21 16.761 31.8 | Ro 
3 ..-| 1925 Jan. 6 | 17 20 8.779 | 19.6 | K 
i. Apr. 2 4 16 39 6.142 | 4.4 | Roe 
re, Sept. 2 oO II | $.%$0 8.4 | Roe 
ty) renee Sept. 25 | o 38 4.177 | 3.0 | Roe 
eS ee | 1926 Jan. 25 | 17 00 16.048 | 20.4 Ro 
14786...........| 1927 Jan. 16 | 22 00 17.661 | 26.4 | Ro 
Oe ero Mar.15 | 18 23 | 9.024 | 26.9 | K 
So, Mar. 19 | 17 42 | 12.996 27.4 | K 
Oe Apr. 20 | 1656 | 0.639 30.6 Ro 
Ce ) —— Oct. 13 | 23 05 | 21.760 | 33.8 Ro 
Lo) ae 1928 Mar. 6 | 18 35 | 11.437 23.2 K 
St ee May 2 | 17 09 | 1.891 | —22.2 Ro 





The intervals are phase 373-693 for Roe, 848-13%0 for Ko, 
and 14%2-1%9 for Ro. In other words, Ko covers maximum light, 
Ro extends from 840 before to 149 after minimum light, and Roe 
coincides roughly with maximum velocity. Within each interval are 
indications of progressive spectral changes. The emission lines of 
hydrogen appear to have their greatest strength near velocity maxi- 
mum. The absorption of Hy tends to increase with phase during 
the Ko stage. The spectrograms taken nearest to minimum light 
seem to have the strongest carbon bands. The bands appear weak- 
est at the beginning of the Ro stage and at the end of the Roe stage. 
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The velocity evidently varies in the same period as the light. 
Although the variation in light and velocity cannot be interpreted 
as the result of orbital motion, the velocity variation is conveniently 
described by the six elements of such a motion. The period is as- 
sumed to be known, and the other five elements were found from 
the plotted velocities by Russell’s' method.) The curve based upon 


km/sec. 
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Fic. 1.—Upper part, radial velocities, and radial-velocity curve of RU Camelo- 
pardalis with the intervals for its three spectral types indicated underneath. The light- 
curve from Leiner’s observations appears in the lower section of the figure. 


these elements is shown with the plot of the velocities and evidently 
gives as faithful an approximation to the observations as can be ex- 
pected with the low dispersion used. ‘The broken horizontal line 
shows the velocity of the system. The six elements are: 


T=3°4 after minimum light 
=J.D. 2417614.454 G.M.A.T. 
— 23.9 km/sec. 


+ 


t Astrophysical Journal, 40, 282, 1914. 
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Figure 1 shows that minimum light is nearly coincident with the 
epoch when the velocity changes from approach to recession, and 
maximum light with the change from recession to approach. Fur- 
ther, maximum velocity corresponds approximately to the phase of 
median magnitude on the rising branch of the light-curve, and 
mirimum velocity to that magnitude on the falling branch. 

The correspondence of the earliest spectral class with light maxi- 
mum and of the latest with light minimum might be cited as evidence 
of Cepheid variation, were it not for the fact that in all other respects 
the evidence is against it. Velocity minimum does not correspond 
with light maximum nor velocity maximum with light minimum, 
and the interval from velocity maximum to velocity minimum is 
nearly 70 per cent of the period, whereas in the majority of Cepheids 
this interval has been found to be less than one-half of the period. 
It is well also to point out that if the velocity variation is the result 
of a symmetrical pulsation of a spherical star, light minimum is 
nearly coincident with maximum diameter, and light maximum with 
minimum diameter, conditions which are even harder to reconcile 
with pulsation than those prevailing in Cepheids. 

Furthermore,-the existence of a variation in the radial velocity 
is inconsistent with Shapley’s assumption that a single rotating 
ellipsoid explains the light-curve. Another way out, which he men- 
tions as less likely, is to assume that the star is spotted; but difficul- 
ties arise in trying to explain with this mechanism the relation here 
found between the light- and the velocity-curves. 

The light-curve could be harmonized with the velocity-curve 
were it permissible to make the rather artificial assumption of a 
spheroidal star whose axis of rotation points nearly toward the ob- 
server and which, with nearly constant volume, pulsates through 
varying degrees of oblateness with little if any change in surface 
brightness.) At phase 1047 (Fig. 1) the stellar matter ceases to re- 
cede, the spheroid reaches its greatest oblateness, the surface pre- 
sented to an observer on the earth is a maximum, and light maxi- 
mum occurs. At phase 140+ the stellar matter ceases to approach, 
least oblateness occurs, the disk presented to the observer is a mini- 
mum, and light minimum takes place. The median spheroids should 
be attained near the phases of maximum and minimum velocities 
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which are nearly coincident with the two phases for median magni- 
tude. The relations of light- and velocity-curves are thus accounted 
for at the four crucial points. 

Whether the spectral changes, which must represent modifica- 
tions of the conditions of temperature, pressure, gravity, eic., in 
the atmosphere of the star can be accounted for by such a system 
is not clear. It is, however, futile to speculate upon the explanation 
until more is known about the difference between the atmospheres 
of stars of spectral classes K and R. 

‘The appearance of emission lines at the time of maximum veloc- 
ity of recession has an analogy in the spectra of some other stars. 
For example, emission lines in the spectra of the two components 
of the companion to Castor’ are relatively stronger when their 
source is receding. Further, a study of the spectrum of AC Herculis 
now in progress shows that emission lines appear at maximum veloc- 
ity of recession. No satisfactory explanation of these peculiarities 
has yet been found. . 

CARNEGIE INSTITUTION OF WASHINGTON 

MowuntT WILSON OBSERVATORY 
September 1928 


t Mt. Wilson Contr., No. 320; Astrophysical Journal, 64, 250, 1926. 














SPECTROPHOTOMETRIC OBSERVATIONS 
OF P CYGNI 
By C. T. ELVEY 
ABSTRACT 

The intensities of the emission and absorption lines of P Cygni have been deter- 
mined from single-prism spectrograms of the Dearborn Observatory taken on the fol- 
lowing dates: October 16, 22, 1927; March 21, 23, April 13 and 27, 1928. There is a 
considerable variation of the intensities of the lines among the plates, but all of them 
show that the spectrum is of the normal P Cygni type. The first spectrogram was ob- 
tained twenty days after the one taken at Harvard which showed the anomalous spec- 
trum, indicating that the change must be of rather short duration. The suggestion is 
made, since only objective-prism spectrograms have recorded the abnormality, that 
the disappearance of the absorption line of H@, and sometimes Hy, may be an effect 
of “bad seeing” and of “wind shake,” when an objective-prism camera is used, rather 
than a change in the star itself. 

The ratios of the intensities, Je/Ig, of the emission to the absorption lines are 
given. These decrease with the shorter wave-lengths. In the case of the helium lines 
the decrease has nearly the same rate for the various spectral series in the photo- 
graphic region. 

The spectrum of P Cygni has been studied by a number of in- 
vestigators. Miss Maury," James E. Keeler,? A. Belopolsky, E. B. 
Frost,4 R. H. Curtiss,’ P. W. Merrill® have paid especial attention 
to the identifications of the lines and to the measures of the radial 
velocity. Recently, C. S. Yii? and B. P. Gerasamovic* have made 
some photometric studies of the spectrum. They find that the dis- 
tribution of the intensity in the continuous spectrum resembles that 
of a star of a type later than Ao. Yii expresses the belief that there 
is a generai absorption cutting down the intensity of the continuous 
spectrum. By a comparison with the spectrum of Vega, Gerasa- 
movic determines the temperature as 7700°. From a study of the 
available literature and of the Harvard spectrograms of P Cygni, 
he announces that it has a variable spectrum. During the years 1887 

t Annals Harvard College Observatory, 28, 101, 1897. 

2 Astronomy and Astrophysics, 12, 361, 1893. 


3 Astrophysical Journal, 10, 319, 1899. 4 Tbid., 35, 286, 1912. 


5 Popular Astronomy, 22, 133, 1914. 

© Lick Observatory Bulletins, 8, 24, 1913. 

7 Astronomical Society of the Pacific, 39, 118, 1927. 
8 Harvard Bulletins, Nos. 852, 857. 
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lines. The spectrum to the violet of the F 
Cygni type. From 1899 to 1914 the star gz 
type of spectrum, with the exception of < 
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and 1888 the spectrum to the red of the Hé line is anomalous in 
having no absorption components to the violet sides of the emission 


76 line is the normal P 
ive the typical P Cygni 
1 spectrogram taken at 


Harvard on June 2, rg10. Again, on three spectrograms of the dates 























TABLE I 
Plate | Date | Remarks 
Se Sa as ais 
1045 1927 Oct. 16 | Blue region 
1073 Oct. 22 | Blue region 
1242 1928 Mar. 21 | Blue region, wide spectrum, very good 
er Mar. 23 | Blue region, wide spectrum 
1278 Apr. 13 | Violet region 
1304. | Apr. 27 Violet region, very good 
| 
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below, April 27, 1928. 


September 16, 24, and 26, 1927, the spectr 
showing no absorption on either side of the 


single-prism spectrograph attached to the 1 
Dearborn Observatory. Those taken by the 
1927, have been standardized for spectropho 
sector sensitometer. The six plates (Table 
for spectrophotometric measures were taken 


photometer (Fig. 1). 








Fic. 1.—Density curves of the spectrum of P Cy 


gni. Above, March 21, 1928; 


um was anomalous, H8 
emission line. 


A number of spectrograms of P Cygni have been taken with the 


83-inch refractor of the 
writer since October 16, 
tometry with a rotating 
I) which were suitable 
to the Yerkes Observa- 


tory where the density curves were made with the registering micro- 
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Hydrogen: 


4050 
4430. 
4419 
4353 
Ca* [K]. 


HB (9).... 
Hy (8) 
He (6)..... 
Helium: 
He 5015 
3994 
4713 
4471 
4120 
4026 
4921 
4387 
4143 
Nitrogen: 
4447 
n* 3995 
4643 
4030.5 
4021 
4613 
4607 
4001 
Silicon: 
Se*t+ 4574 
4567 
4552 
ostt+ 4116 
4085 


Miscellaneous: 


| ae 


03 (0 
72 (4). 
2 (4). 
5 AW? 
r3) 4) 
2 (0). 
Q3 (4). 
93 (3) 
~ (9) 
‘7é - 
OO (IO) 
II (9d). 
55 (10 
41 (7) 
5d (0) 
17 (7 
49 (6 
7© (4). 
67 (7). 
05 (9). 
IO (d).. 
50 (10). 


4395..-.-. 


SERIES 
2P—4D 
2P—sD 
2P—6D 
2P—7D 
2P—8D 
1S—2P 
IS—3P 
ip? —39" 
Ip? — 3d? 
i s? 
1p?— 4d? 
1P—3D 
1P—4D 
1P—5D 
mP—mS 


‘> 
mp3 — mp 3 
mp3—mp’3 
mp3—mp’3 


’ 
| mp3’—mp 3 
mp3— mp’3 


mp3—mp’3 


2s— 2p3 
28— 2p? 
256 2" 
2s—- 3p" 
a8— 3p" 


TABLE II 
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The data obtained from these curves are given in Table II. The 
first column contains the radiating or absorbing atom, the wave- 
length of the line, and the intensity of the line in laboratory spectra. 
The second column contains the series notation for the line, and in 
the succeeding columns are the data for each plate. The intensity 
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of the absorption line is given first, and then the emission line, each 
being expressed as percentages either of subtraction from or addition 
to the continuous spectrum. 

To identify some of the lines, three of the spectrograms best 
suited for the determination of radial velocity were measured. The 
TABLE III 








1242 | 1278 1304 
WaveE-LENGTH | ATOM a 
Abs. Em. | Abs Em. Abs Em 
km/sec km/sec. km/sec. km/sec km/sec. km/sec. 
| ee Ca* siasigiateratiteraic. ok aes t SPEAIEE SRPREIS Se 
S006 73. ...5s. Oe | A Peers: Frere | —165 | -+11r | = | ae ona 
ee H Re ee es ero oe io | —3 | x61 —10 
ee Nt 5h da Sete tole | «122 —16 ere 
4009 .27.... a See. Serene a oe 142 
4026.10... He —159 +17 136 —17 | 152 12 
4088 .86... oer 74 Foote 97 ja 63 nd 
Eee H 189 — 16 203 — 26 182 4 
4116.16... ott 26 nee 189 : és 
4120.81... He 139 — 10 190 — 8 138 
4143.76 He 139 + II 128 —I3 139 
iy... ; H 207 — 27 216 — 34 218 —19 
4383.55 Fe 244 — 67 Pee, Se eeeee 250 
4387 .93 He 144 tT 5 151 — 5 136 
4395.12 T3* 116 + 25 118 — 2 126 
4447 .04 N 144 pees aie ; ~~ 
4471.48 He 171 — 7 167 —18 160 
4552.61 St + go es III eer gI 
Po > | Sst 78 112 J, Q2 
4574.78 ost? gI —102 
4001 .49 Nt 115 
4607.17 N+ 116 
4613.88 N+ 136 heat 
4621.40 N+ 107 m 143 —II 
4030.55 N+ 124 + 23 
SS ee N+ 132 + 18 138 
4650.98....... C+ I2I +(78) 132 
Ps oe He 141 + 4 " 
| Sere H — 193 + II —223 + 4 
Mean aad + 1 —II —II 


results are given in Table III, the displacements being expressed as 
“km/sec,” the reduction to the sun having been applied to each 
velocity. 

The Ca* line [K] is very good on Plate 1304. It has no emission 
on its redward side and is quite sharp. It gives a velocity of —10 
km/sec., which is quite different from the other absorption lines, 
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and confirms the observation of Frost (/oc. cit.) that it is the “‘sta- 
tionary line’’ found in the stars earlier than type B3. R. H. Curtiss 
(loc. cit.) records a measure of — 17 km/sec. for the line. The intensity 
obtained from Plate 1304 is 32, the units being percentages of ab- 
sorption of the continuous spectrum. 

Miss Maury (loc. cit.) calls attention to an emission line to the 
violet side of the absorption line He 4387. This line, together with 
a slight absorption line on its violet edge, was measured on several 
plates. It was provisionally identified as Fe 4383, but this gives a 
displacement of about 60 km/sec. too much to the violet. It would 
appear to have a wave-length of about 4382.6 A. The intensity of 
the emission component seems certainly to be variable. On Plate 
1045 it cannot be seen, while on Plates 1242 and 1304 it is distinctly 
seen, being as bright or brighter than the emission He 4387. Others 
of the lines of uncertain identification are listed in Table II under 
the heading of ‘“‘Miscellaneous.’’ The line \ 4395 was ascribed to 
Ti*, and the line \ 4650 to the carbon triplet, with a blended wave- 
length of 4650.28 A. Assuming that all of the emission lines show 
the same radial velocity, the wave-lengths of the two unidentified 
lines, \ 4419 and XA 4430, are 4418.95 and 4430.45 A. 

Referring to Table II, one sees that there are no marked changes 
in the intensities of the hydrogen absorption lines. However, there 
are changes in the emission lines that would seem to be real. The 
two plates 1242 and 1248 give higher values than the other four 
plates for the intensities of the emission lines. This may be due to 
the fact that these two plates were taken with a longer length of 
slit, in order to give a wider spectrum which would make it possible 
to use a narrower analyzing slit when obtaining the density curves. 
This should decrease any integrating effect, and these two spec- 
trograms would be the more reliable. However, if there has been an 
integrating effect, one would expect to see a corresponding varia- 
tion of the absorption lines. 

It is thought that a ratio of the intensity 7, of the emission lines 
to the intensity 7, of the absorption lines would be a better criterion 
of changes in the spectrum, especially when comparisons are made 
with spectrograms from other instruments. Table IV contains the 
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ratios of intensity for the hydrogen lines. For the helium lines the 
ratio showed only small variations, and their means are plotted 


TABLE IV 





1045 19073 1242 1245 1275 1304 
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Fic. 2.—Ratios of the intensities of the emission and the absorption lines of helium 
in the spectrum of P Cygni. 1, 2, 3, and 4 are, respectively, the 1p?—ms?, 15—mP, 
1p?—md? , and 1P—mD series of helium. 


on a diagram (Fig. 2), where the ordinates represent the ratio /,/J, 
and the abscissae the wave-lengths. Straight lines are drawn 
through the points representing the members of each spectral series. 
These lines in the case of the four series, 1S—mP, 1p*—ms’, 1p?— 
md’, and 1P—mD, of helium have about the same slope. 

The only material available at present for a comparison of the 
ratio [,/f, is from the data given by Gerasamovic for the hydrogen 
line 6 and the helium line \ 4026, from objective-prism spectra. 
The values are 1.8 and 2.4, respectively. 

Our series of spectrograms reveal no marked changes such as 
recorded by Gerasamovic, and, if such changes exist, it is interesting 
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to note that the change must be rapid as Plate 1045 was taken about 
three weeks after his plates of September 16-26, 1927. We have a 
spectrogram, unstandardized, of the date April 20, 1927, which 
would limit the abnormal period to six months. It appears as though 
the anomalous spectrum is present only a short time. 

In looking through the literature one is impressed that there are 
sO many spectrograms taken with slit spectrographs (about twice 
those taken with objective cameras and more uniformly distributed 
with respect to time) in which no records are made of any abnormal- 
ity of the spectrum. One rather wonders if the “filling in” of the 
absorption line #6, and sometimes He 4471, and Hy, might not be 
a result of some disturbing factors at the time the spectrograms were 
taken rather than a variation in the star itself. Such factors as 
“bad seeing” and “‘wind shake”’ when an objective-prism camera is 
used would tend to cause the emission lines of longer wave-length 
to fill in their absorption lines. In any case, it is urgent that the 
star be kept under observation with both kinds of instruments to 
obtain spectrophotometric data. 


I am very much indebted to Professor Frost for his permission 
to use the registering microphotometer. 


DEARBORN OBSERVATORY 
July 10, 1928 
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NOTE ON THE ABSORPTION OF THE CALCIUM K 
LINE BY INTERSTELLAR CALCIUM 
ABSTRACT 

In this note it is shown that Otto Struve’s results on the absorption of the de- 
tached calcium line K by interstellar calcium vapor agree approximately with the 
equation J =I,e—* vNd where I/Io is the fraction of the light absorbed, d the distance 
of the star source, and k and N are constants. 

As the result of a study of the intensity of the detached calcium 
line K in the spectra of about 2000 stars Otto Struve' found that 
the intensity is approximately a function of star distance. This re- 
sult supports the hypothesis of Eddington? of the presence of calcium 
vapor more or less uniformly distributed throughout interstellar 
space. 

The object of this note is to point out how we should expect the 
intensity to vary with the distance if Eddington’s hypothesis is 
correct. It was shown by Gouy® in 1879 that the intensity of the 
sodium light from a Bunsen flame containing sodium vapor is 
proportional to the square root of the mass of sodium per square 
centimeter in the flame. This result has been confirmed recently by 
the writer and by G. L. Locher.’ A. Ll. Hughes and A. R. Thomas‘ 
have measured the absorption of the mercury line 2546 A by 
mercury vapor. Their results show that log //J,= —k V n, where J, 
is the intensity of the incident light; J, that after passing through a 
layer containing mercury atoms per square centimeter; and k a 
constant.* This equation represents their results when is greater 
than about 1o*°. 

The emission and absorption of a spectral line by the vapor of 

t Astrophysical Journal, 67, 353, 1928. 

2 Proceedings of the Royal Society, 11, 432, 1926. 

3 Annales chimie, physique, 18, 5, 1879. 

4 Proceedings of the Royal Society, 118, A, 362, 1928. 


5 Physical Review, 31, 466, 1928. 6 Ibid., 30, 466, 1927. 
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the element by which the line is emitted, on the classical theory of 
emission and absorption, was discussed by R. Ladenburg and F. 
Reich’ and by Senftleben.2 These authors showed that Gouy’s 
square-root law followed from the theory. A similar theory was 
published by the writer,’ who unfortunately was not acquainted 
with the earlier work just referred to, and it was shown that the 
results of Gouy and also of A. Ll. Hughes and Thomas could be 
explained. 

According to these theoretical and experimental results it ap- 
pears that when light of a spectral line of intensity J, is passed 
through a layer of the vapor, 
which emits and absorbs the 
line, containing ” atoms per 
square centimeter, then pro- 
vided m is not too small 
IT=I,e~*"", where J is the 
intensity of the light trans- 
mitted and ka constant. The 
intensity J is the intensity 
integrated over the width of 
the line. We should therefore 
expect the absorption of 
the calcium K line investi- 





gated by Struve to vary in 
accordance with this equa- 
tion. If the calcium vapor is uniformly distributed throughout 
interstellar space, then we have »=Nd, where N is the number 
of singly ionized calcium atoms Ca* in 1 cc. and d the star distance 
so that J=J,e-*V “4 

Struve expressed the intensities in 


ee 


stellar magnitudes”’ denoted 
by m and the star distance d in parsecs so that m—m,= 2.5 log Io/I 
and therefore m—m,=2.5(k/p)’ Nd, where d is now in parsecs, 
N the number of atoms in a cubic parsec, and p the number of 
centimeters in one parsec. We should therefore expect (m—m,)/V d 
to be a constant. Figure 1 shows Struve’s values of m—m, plotted 
against his values of } d. It appears that m—m, is in fact roughly 
t Annalen der Physik, 42, 181, 1913. 2 Tbid., 47, 959, 1915. 

3 Proceedings of the Royal Society, 118, A, 362, 1928. 
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proportional to V d in accordance with the theory. The probable 
error in the values of m—m, is about one unit, and the points do 
not deviate from the straight line through the origin by much more 
than this. 

If the value of the constant & in the equation J =J,e~*” " were 
known for the calcium K line, Struve’s results would enable the 
number N of Ca* atoms per cubic parsec in interstellar space to 
be calculated. The order of magnitude of V may be estimated by 
assuming k for Ca™ to be equal to & for mercury as found by Hughes 
and Thomas. Their results give k=2.4X107. This value of k 
gives N=2 X10, or about one atom in 10° ce. Eddington’ esti- 
mated the amount of Ca* to be 3X10 * gm per centimeter, or one 
atom in 2.3 X10’ cc., which is of the same order of magnitude as 
one in 10° cc. 

H. A. WILSON 

Rice INSTITUTE 

Houston, TEx. 


USE OF TELEPHOTO LENSES IN ASTRONOMICAL 
SPECTROGRAPHS 
ABSTRACT 

A telephoto lens, which, however, should be specially designed for the purpose, 
has certain advantages as the collimator of an astronomical spectrograph. These are 
mechanical (compactness of instrument) and not optical. 

A telephoto lens is characterized by the fact that the distance 
from the front of the lens to the focus is considerably less than the 
equivalent focal length. If sucha lens be employed for the collimator 
of a spectrograph, the distance from the slit to the dispersion piece 
may be less than with the usual type. For a spectrograph at- 
tached to a telescope, the resulting compactness of the spectro- 
graph gives decided advantages in ease of handling and freedom 
from flexure. Moreover, the cost of construction is less because of 
the smaller size of certain parts. 

Several excellent telephoto lenses are on the market, but as these 
were designed primarily for general photography it is probable that 
performance on the axis has been partially sacrificed to obtain a 


t Loc. cit. 
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wider field. No field is required of a collimator lens, but the per- 
formance on the axis must be as nearly perfect as possible. It there- 
fore appeared that the best results would be had from lenses specially 
designed for the purpose. Two such lenses have been designed and 
constructed for the Mount Wilson Observatory by the Bausch and 
Lomb Optical Company. These have apertures of 23 inches and 
focal lengths of 40 inches, while the distance from the front lens 
to the focus (slit) is 24 inches, a reduction of 40 per cent. One, 
achromatized for the red and yellow, is employed in a plane-grating 
spectrograph, and the other, achromatized for the blue and violet, 
is in a one-prism spectrograph. Both are performing satisfactorily. 

It should be noted that the advantages of a telephoto lens are 
mechanical and not optical. Efforts have been made to find a design 
of collimator lens which will deliver the light from the slit in an un- 
usually small parallel beam to allow the use of small prisms or grat- 
ings. Such efforts are ill advised because with a diverging cone of 
light having a given angle, the diameter of the parallel beam is a 
function solely of the equivalent focal length of the collimator and 


does not depend upon the type of that lens. 
PauL W. MERRILL 
Mount WILSON OBSERVATORY 
CARNEGIE INSTITUTION OF WASHINGTON 
October 1928 
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